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Fishes have evolved many methods of 
preventing hybridization. Ethologic fac- 
tors are very important in reproductive 
isolation of most species (Hubbs, 1955; 
Gordon, 1957). The most obvious in- 
volve mate preference. Unfortunately too 
few projects have been designed with a 
specific goal of studying mate selection. 
Most of those are on the poeciliid fishes, 
which are specialized in that the eggs are 
fertilized within the female. Observa- 
tions on egg-laying etheostomatine fishes 
also indicate the importance of mate 
selection among these fishes (Hubbs, 
in press). 

Previous studies on poeciliid courtship 
(Haskins and Haskins, 1949; Clark, 
Aronson, and Gordon, 1954) show that 
females are more or less passive in 
courtship and that males play the major 
role in mate selection. Gambusiine fe- 
males are also relatively passive in court- 
ship (Warburton, Hubbs, and Hagen, 
1957), but are more likely than most 
other poeciliid females to try to repulse 
over-active males. This study is based 
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on the analysis of male courtship behavior 
in four species of Gambusia and a hybrid. 


METHODS 


Males were isolated in individual aqua- 
ria of approximately one-gallon capacity. 
The males were placed in the one to 
two-gallon observation tanks at least 24 
hours before the females were introduced. 
The observations were carried out over 
the following 30 minutes after which the 
females were removed. The male was 
not presented with other females for at 
least 24 hours. The females were iso- 
lated in five-gallon aquaria between ex- 
periments. All fish used were reared in 
the laboratory. Except for the hybrid 
males, no fish had experience with mem- 
bers of other species prior to the experi- 
mental interval. No male was exposed 
twice to the same female. 

Either a single female or two females 
of different species were placed with the 
male. The same patterns of behavior were 
noted but selection was most pronounced 
when two females were used. Thereby, 
detailed data on single female experi- 
ments are not reported. Similar to the 
results obtained by Clark, Aronson, and 
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Gordon (1954), copulation frequency 
was reduced in the presence of an ad- 
ditional female. However, since isolated 
pairing is not a natural phenomenon, 
copulation in nature must occur in the 
presence of other individuals. In two 
female experiments, equal-sized females 
were used except in those contrasting 
Gambusia geiserit and G. heterochir. An 
indication of preference for the larger 
females was noted, especially when males 
of the other species were used, which 
may account for the apparent preference 
of swordtail females (larger) over platy- 
fish females (smaller) by platyfish males 
reported by Clark, Aronson, and Gordon. 
Both Haskins and Haskins (1949) 
and Clark, Aronson, and Gordon (1954) 
have noted changes in courtship activi- 
ties that correlate with the experience 
of the fish. Haskins and Haskins showed 
that male courtship was more discrimi- 
nating after exposure to the females for 
a short interval. Clark, Aronson, and 
Gordon showed that male courtship was 
directed more toward females of the 
species with which he had been held for 
a long interval than toward females he 
had not courted. Therefore, the courtship 
activity of poeciliine fishes clearly shows 
the effects of the past experience of the 
fishes. In the related gambusiine fishes 
studied here; however, experience seems 
to have less significance. No trend can 
be noted in the activity of males pre- 
sented with females of the same species 
on subsequent days. Therefore, the be- 
havior of a single male remains at the 
same level as he becomes more experi- 
enced with any kind of female both in 
single matings and in paired matings. 
Of the behavioral activities listed by 
Clark, Aronson, and Gorden (1954), 
nibbling, thrusting, and swinging are 
reported in this paper. Thrusting is 
here restricted to those anteriorly di- 
rected movements of the gonopodium 
that are obviously directed at the genital 
aperture of the female. Swinging 1s 
here considered to be an anteriorly di- 
rected movement of the gonopodium not 


directed toward the genital area of the 
female; however, it is carried out in the 
near proximity of that female. Non- 
directed swinging is that activity carried 
out far from the females or at an inter- 
mediate distance between them so that it 
is not possible to ascertain toward which 
female the action is directed. This classi- 
fication somewhat differs from that of 
previous authors. Other activities in- 
dicate mate preference. Some, such as 
copulation, are not reported in detail be- 
cause they are relatively infrequent. 
Others, such as pecking, were not re- 
corded because of the difficulty of de- 
termining toward which female the be- 
havior was directed. 

Fourteen copulations have been re- 
corded during thirteen of the observations 
intervals. Eleven were homospecific and 
three were between species. In the perti- 
nent intervals the courtship activity of 
the male was approximately that of the 
same male during other experiments, due 
to a high activity prior to copulation and 
a low activity afterwards. These data 
are not sufficient to show statistically 
reliable mating preference, but do indi- 
cate that in Gambusia the relative amounts 
of the courtship activities are directly 
correlated with copulation frequency. 
Clark, Aronson, and Gordon noted that 
courtship may be inversely correlated 
with copulation frequency in intraspecific 
matings ; however, their tables 41 and 42 
show a correlation between courtship 
activity and copulations when inter- and 
intraspecific matings are compared. 


SPECIES RELATIONSHIPS 


Four species of Gambusia have been 
used in these experiments. Their mor- 
phologic relationships and ecologic prefer- 
ences are listed below: 

Gambusia affinis (Baird and Girard) 
is widely distributed in the southeastern 


-United States and is of almost catholic 


ecology. It has been widely used for 
mosquito control and is now virtually 
cosmopolitan in tropical and temperate 
fresh-waters (Krumholtz, 1948). The 
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western limits of its natural range pass 
through Texas. Here it occupies a 
variety of habitats, except where other 
species of Gambusia abound. 

Hubbs (1926) separated G. affinis 
(using the synonyms G. holbrooki and 
G. patruelis) subgenerically from other 
species of Gambusia. No other species 
of Gambusia has been placed in the same 
subdivision with G. affinis. 

The five males and 30 females used 
were reared from stocks collected in 
Austin. No other gambusiine fishes are 
known to occur there. 

Gambusia heterochir Hubbs is_ re- 
stricted to the headwaters of Clear Creek, 
Menard County, Texas, where it hybri- 
dizes extensively with G. affinis (Hubbs, 
1957). Like many other gambusiine 
fishes of the Southwest and Mexico, it is 
restricted to clear limestone spring waters 
(Hubbs, 1959). This restriction may 
be due to preference or to an inability to 
compete with G. affinis elsewhere. The 
latter hypothesis is the more probable, as 
Warburton (1958) succeeded in main- 
taining pure stocks of G. heterochir else- 
where but could not maintain G. hetero- 
chir when mixed with G. affinis. 

Hubbs (1957) considered G. hetero- 
chir to be related to G. nicaraguensis 
Gunther and thus distantly related to 
G. affints. 

The nine males and 28 females used 
were obtained from stocks reared from 
fish collected at Clear Creek. Gambusia 
affinis is the only other gambusiine fish 
there. 

Gambusia getsert’ Hubbs and Hubbs 
is restricted to clear springs in Texas 
(Hubbs and Springer, 1957). Its natural 
range appears to be limited to San 
Marcos and Comal springs. re- 
striction is probably due to its inability to 
compete with G. affints downstream. 

Hubbs (1926) placed this species, 
which he then erroneously called G. 
affinis, in the G. nobilis group. The G. 
nobilis and G. nicaraguensis species 
groups are usually considered to be closely 
related. 
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The three males and 14 females used 
were reared from stocks collected in 
Toyahvale, Texas, from a stock probably 
introduced there from San Marcos. Gam- 
busia geisert is sympatric with G. affinis 
over most of its range, however, only 
G. nobilis occurs with G. getsert at 
Toyahvale. G. getseri is not known to 
hybridize with G. affinis or G. nobilis. 

Gambusia hurtadot Hubbs and Springer 
is restricted to a spring, Ojo de la 
Hacienda Dolores, in Chihuahua, Mexico. 
Its distribution is now limited by dry 
stream bed (Hubbs and Springer, 1957). 
Undoubtedly it once contacted G. senilis 
Girard. It is doubtful, however, that 
the species has ever been sympatric with 
G. affinis. 

This species has been placed in the 
G. nobilis group with G. geisert. 

The five males and 16 females used 
were reared from stocks obtained from 
the Ojo and maintained in the laboratory 
for three or more generations. No other 
species of gambusine fishes now inhabits 
the collection locality. G. hurtadot is not 
known to hybridize with other gam- 
busiine fishes except under experimental 
conditions. 


MATE PREFERENCES 


Males of Gambusia affinis exhibit a 
clear homospecific preference when G. 
affinis females are contrasted with either 
G. hurtadot or G. geiseri (table 1). No 
such preference is noted, however, when 
G. heterochir and G. affinis females are 
contrasted. Likewise, if only one female 
is used, G. affinis males court G. affinis 
and G. heterochir females more avidly 
than they court G. hurtadoi or G. getseri 
females. Copulation between a G. affinis 
male and G. heterochir female further 
indicates the lack of mate recognition 
between these species. These data in- 
dicate that (1) enough G. affinis genes 
have introgressed into the G. heterochir 
populations to obscure the recognition ; (2) 
G. affinis and G. heterochir are much more 
closely related than is indicated by their 
gonopodial morphology. The first alter- 
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TABLE 1. Mate preferences by G. affinis males exposed to paired females. The figures given are the 
average number of times that the stated activity was performed per 30 minute observation trial. The 
probabilities of significance of the differences (p) were derived using Snedecor’s (1946) formulae for the 


comparison of two groups 


4 


Non-directed 


Nibbles p ~~ 
0.3 0.07 0.04 4.80 10 
0.09 0.02 0.02 11.08 12 
0.00 0.3 0.2 7.75 8 


native has merit but is somewhat con- 
tradicted by the apparent scarcity of 
backcrosses with G. heterochir in the 
natural population studied by MHubbs 
(1957 and 1959). The abundance of 
apparent backcrosses with G. affinis is 
not germane as G. affinis stocks used here 


came elsewhere. The question of rela- 
tionship of G. affinis to G. heterochir 
must remain unsettled, especially be- 
cause correlation of mate preference with 
degree of phylogenetic relationship within 
genera has not yet been adequately docu- 
mented. Although the individual tabula- 


TABLE 2. Mate preferences by G. heterochir males exposed to paired females. The figures given are 


the average number of times that the stated activity was performed per 30-minute observation trial. The 
probabilities of significance of the differences (p) were derived using Snedecor's (1946) formulae for the 
comparison of two groups 


Nibbles p Thrusts p Swings p ae van Trials 
Gafinee 206, OS OF 1380 
007 02 662 8 
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TABLE 3. Mate preference of aG. heterochir 9 X G. affinis o& hybrid male exposed to paired females. 
The figures given are the average number of times that the stated activity was performed per 30-minute 
observation trial. The probabilities of significance of the differences (p) were derived using Snedecor’s 


(1946) formulae for the comparison of two groups 


Non-directed 
Nibbles p Thrusts p Swings p swings Trials 

G. heterochir 9 0.75 0.00 0.75 
G. geisert 9 0.00 0.00 0.00 0.00 3 
G. affinis 9° 0.00 0.00 0.00 
G. hurtadoi 2 0.00 0.00 0.33 
G. hurtadoi 9 0.00 0.00 0.00 1.17 6 
G. heterochir 0.00 0.00 0.00 

3 
G. hurtadoi @ 0.67 | 0.00 0.67 
G. geiseri 0.00 / 0.00 


tions are not statistically significant, the 
consistent preference of G. affinis males 
for G. heterochir females over females of 
either G. hurtadot or G. geiseri is in 
accord with the indication that G. affinis 
males do not discriminate between fe- 
males of G. affinis and G. heterochir. 

G. affinis males may discriminate be- 
tween G. affinis and G. getsert females 
better than they do between G. affinis and 
G. hurtadot females; however, courting 
activities are more numerous when G. 
hurtadoi females are used. As G. affinis 
is sympatric with G. getseri and allopatric 
to G. hurtadoi, reinforcement of be- 
havioral isolation is suggested. The ap- 
parent (but not statistically significant) 
perference for G. geiseri over G. hurtadoi 
by G. affinis is not in accord, however. 

Males of G. heterochir prefer their 
own females over those of G. hurtadoi 
and G. getseri (table 2). The individual 
tabulations are mostly of marginal signi- 
ficance but their consistancy increases 
the reliability of the indicated preference. 
Again, no preference is noted when re- 
actions to G. affinis and G. heterochir 
females are contrasted. Furthermore, 
when males of G. heterochir are presented 
singly with single females, they court 
more avidly with those of G. affinis and 


G. heterochir than with those of the other 
species. Likewise, in mating with fe- 
males of two species, G. heterochir males 
appear to prefer G. affinis females over 
females of G. hurtadoi and G. geisert. 
The single copulation between a G. 
heterochir male and a G. affinis female 
indicates a lack of ability to distinguish 
between the species. 

The experiments with G. heterochir 
males all have a relatively low probability 
of significance despite the large number 
of tests run. This may indicate a low 
ability to distinguish females. Such a 
phenomenon would be in accord with 
Hubbs’ (1957) hypothesis that G. heter- 
ochir has long been geographically iso- 
lated from its near relatives. Similarly, 
this behavior may account for the original 
breakdown of isolating mechanisms to 
form the hybrid swarm. The single 
copulation between a G. heterochir male 
and a G. hurtadoi female further indi- 
cates a lack of ability of the males to 
distinguish between females. 

The single hybrid male used in the 
experiments was essentially inactive sex- 
ually (table 3). About the only thing 
he did was to swing his gonopodium 
without directing the activity to either 
female. This individual was F, result- 


— 


150 


CLARK HUBBS AND EXALTON A. DELCO, JR. 


TABLE 4. Mate preferences by G. geiseri males exposed to paired females. The figures given are the 
average number of times that the stated activity was performed per 30-minute observation trial. The 
probabilities of significance of the differences (p) were derived using Snedecor’s (1946) formulae for the 
comparison of two groups. 


Non-directed 


Nibbles p Thrusts p Swings p swings Trials 

G. heterochir 0.50) 0.00 0.38 ) 

G. afinis 0.75; 0.00 012, 37 8 
G. geiseri 0.33 2.67 | 15.00) 
G. afinis 2 0.00; 9-001 1.33 3 
G. hurtadoi @ 0.00 0.00 2.33) 
G. affinis Q 0.00 0.00 1.33 f 0.5 6.67 3 
G. geiseri 9 0.67 | 15.33) > 
G. heterechir 0.00) 00.33 6 
G. hurtadoi 9° 0.00 0.00 0.67) 0.2 317 6 
G. heterochir 9° 0.00 0.00 0.00. 
G. hurtadoi 0.25 | > 0.25: 
G. geiserit 3.50 0.2 0.25) Os 16.25 0.001 5.25 4 


* Probability determined by chi-square as t test gave probability of 1/ =. 


ing from a cross between a virgin female 
G. heterochir and a G. affinis male. He 
was of approximate equal age to the G. 
heterochir and G. affinis males used in 
His gonopodium was 
clear at the start of the experiments; he 


the experiments. 


did not grow during the tests; and his 
activity remained low throughout the 
time. Furthermore, like the controls, he 
had opportunity to observe the courtship 
of his father. Thereby, he had attained 
his full degree of sexual maturity. He 


TaBLeE 5. Mate preferences by G. hurtadoi males exposed to paired females. The figures given are 
the average number of times that the stated activity was performed per 30-minute observation trial. The 
probabilities of significance of the difference (p) were derived using Snedecor’s (1946) formulae for the 
comparison of two groups 


Nibbles p Thrusts 
G. heterochir 9° 2.24 0.4 2.11 
G. affinis 9 0.53 
G. geiseri 0.67 05 1.83) 
G. affinis 9 0.33{ 0.00. 
G. hurtadoi 9° 4.89 | 0.4 4.78) 
G. affinis 0.56) 0.00 
G. geiseri Q 3.00. 0.9 8.72) 
G. heterochir 10.54 / 
G. hurtadoi 9° 1.25 9 6.50 
G. heterochir 9° 0.17) 0.42) 
G. hurtadoi 0.75) 9 3 6.50 | 
G. geiseri 9 0.25 0.12) 


Non-directed 


p Swings p swings Trials 
0.003 9 53) 0.7 3.82 17 
6.00 
? 
0.02 793. 0.7 1.50 6 
30.00 ? 9 
0.007 4.33) 0.0002 6.22 
1.31) 
0.6 200! 0.4 6.21 13 
21.17) 
0.003 3.92, 0.0001 6.16 1 
30.75 7 
0.01 3.25{ 0.0001 3.62 8 
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is the laboratory hybrid male portrayed 
in figure 4 of Hubbs (1959). Single 
female-preference experiments using a 
male of the reciprocal cross also showed 
low courtship activity. 

Males of G. getseri consistently prefer 
G. getsert females over those of the other 
three species, although the preference 
over G. heterochir is not of reliable 
statistical significance (table 4). The lack 
of clear-cut significance may be due to 
the circumstance that females of dif- 
ferent size were used. This hypothesis 
is supported by the single-female ex- 
periments, in which the G. getseri fe- 
males were courted most avidly and the 
G. heterochir females least avidly. The 
reactions toward G. affinis and G. 
hurtadot females were intermediate. 

G. geisert males exhibit a very low 
courtship activity for females of other 
species, perhaps as a result of its exten- 
sive sympatry with G. affinis in its natu- 
ral range. 

If a G. hurtadoi female and one of 
either G. affints or G. heterochir are 
presented together to a male of G. getsert, 
most of his courting is directed toward 
the more closely related G. hurtadot. 
The limited comparisons, however, are 
not of clear statistical significance. 

Males of G. hurtadoi show a strong 
preference for their own females over 
those of the three other species (table 5). 
These preferences appear to be the 
strongest displayed by any of the males 
tested. Hubbs and Springer (1957) sug- 
gested that G. hurtadot and senilis 
were in contact and did not hybridize 
before the intervening fields ir- 
rigated. If so, the ability to discriminate 
must have been well developed to keep 
such closely related species apart. On 
this line of thought, it is not surprising 
that G. hurtadoi readily recognizes more 
distantly related species as foreign. 

Males of G. hurtadoi also appear to 
discriminate among two foreign species. 
This is best developed in thrusts, in 
which activity G. heterochir and G. 


geiseri are preferred over G. affinis. Both 
have been suggested as being more 
closely related to G. hurtadoi than is G. 
affinis. A correlation of mate selection 
and phylogeny is thus indicated. 


CONCLUSIONS 


1. Males of most species of Gambusia 
court females of their own species far 
more than they court females of other 
species. 

2. The only exceptions to the above are 
the males of Gambusia affinis and G. 
heterochir, which have not been shown 
to be able to distinguish between females 
of those two species. These two species 
exhibit the highest known incidence of 
natural interspecific hybridization of any 
gambusiine fishes. 

3. In addition to the lack of pro- 
nounced mate recognition between G. 
affinis and G. heterochir, males appear to 
prefer females of closely related species 
over more distantly related females. 

4. Two hybrid males between G. affinis 
and G. heterochir have shown a very low 
sexual activity. 

5. Males of species thought to have 
been sympatric with closely related spe- 
cies are more discriminating than males 
thought to have been allopatric to their 
close relatives. 
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Two cultivated and more than twenty 
wild species occur in the genus Oryza. 
As is well known, O. sativa L., which 
comprises many varieties with different 
characteristics, is the most important 
food crop in Asian countries. O. glaber- 
rima Steud., another cultivated species, 
is grown within a rather limited area in 
Tropical West Africa. Among wild spe- 
cies, O. perennis Moench (found in al- 
most all tropical countries of the world), 
O. sativa f. spontanea Roschevicz (of 
tropical Asian countries) and O. brevilig- 
ulata A. Cheval et Roehr. (of tropical 
African countries) appear to be relatively 
closely related to those cultivated species, 
in the sense that they can be easily 
crossed with one another and with the 
cultivated forms, and their chromosomes 
pair in the F, almost normally. Other 
wild species may show a spectrum of 
genetic distances from the cultivated rice. 
The phylogenetic hierarchy of the genus, 
which is not yet established, attracts 
interest of rice students, and as a basis 
for approaching it, a re-evaluation of 
interspecific relationships is desired. 

The first basic taxonomic study of the 
genus Orysa was reported by Roschevicz 
(1931). He identified 20 species, and 
after surveying the characters of her- 
barium specimens and the geographical 
distributions, divided them into four 
sections, Sativae, Granulatae, Coarctatae 
and Rhynchorysa. Recently, Chatterjee 


1 Contribution from National Institute of 
Genetics, Japan, No. 286. 

2 The writers wish to express their sincere 
thanks to the Rockefeller Foundation for the 
financial support (RF 57080: Studies on the 
origin of cultivated rice) which enabled them 
to make this investigation. 
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(1948) added several new species to the 
genus and wrote a revised key to the 
classification of the species, which was 
first written by Roschevicz. Besides 
these, there are contributions to this 
problem, which are, however, of relatively 
fragmentary or local nature (Roy 1921, 
Sasaki 1930, Backer 1946, etc.). 

Most taxonomists expect that their 
systematic classification of organisms 
represents the phylogenetic hierarchy of 
the group. This may be true insofar as 
his conclusion is based on a comprehen- 
sive study of the pattern of existing 
variations. In practice, however, among 
many characters differentiating species 
or races, a few will be empirically chosen 
as representatives of the whole variation, 
often leading to conclusions based on 
subjective opinions of the investigators. 

With the view to eliminating subjec- 
tivity from systematic classification of 
insect species, Michener and Sokal (1957) 
have devised a method to group species 
based on quantified degree of resemblance 
among them. Their computation starts 
from a matrix of correlations between 
species. The nuclei of assembly of spe- 
cies are then formed and the results are 
shown in a tree-like diagram suggesting 
the phylogenetic hierarchy of the group. 
In addition to this, Sokal (1958) has 
tried to use techniques of factor analysis 
for the same purpose, also starting from 
a matrix of interspecific correlations. 

Following the lines drawn by these 
biometrical entomologists, the present 
authors have attempted to establish a 
quantified systematic classification of the 
genus Orysa. Sixteen species were in- 
vestigated and records were taken for 
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42 characters. The methods adopted 
were, in the first place, factor analysis, 
and secondly, the procedure devised by 
Sokal and Michener (1958). The re- 
sults obtained were largely comparable 
with those empirically reached by former 
workers, but displayed a more detailed 
structure of interspecific relationships, 
suggesting the usefulness of these methods 
for looking into the phylogenetic make- 
up of a group. 


MATERIALS AND CHARACTERS 
INVESTIGATED 


At present, numerous strains of Orysa 
belonging to 18 different species, collected 
from their natural habitats or sent by 
various institutions to whom we are 
greatly obliged, are being preserved in 
the National Institute of Genetics, Mis- 
ima, Japan. They are grown in a green- 


house or in short-day fields. Their 
Latin names were determined by Dr. T. 
Tateoka of the Institute with the original 
descriptions. Sixteen of those species, 
listed in table 1, were used for this study. 
One of them, O. malabarensis, is a wild 
species resembling O. officinalis Wall., 
found in the mountain regions of South 
India. Whether it is a good species or 
not is however undecided. 

As also shown in table 1, nine of these 
species were each represented by two or 
more strains, while only one strain was 
available for each of the other seven. Thus, 
the total number of strains investigated 
was 31. O. sativa L. is known to be 
sub-divided into two (/ndica and Jap- 
onica) or three (Continental, Tropical- 
Insular and Temperate-Insular) types 
(Oka 1953). Of the five strains of this 
species used, two were of the /ndica or 
Continental, one was of the Tropical- 


TABLE 1. List of Oryza species studied 


Section by 
No. Name identified Roschevicz 2n Distribution Strains used 
1 O. sativa L. Sativae 24 Cultivated, worldwide 108, 414, 521, 563, 647 
2 —/f. spontanea Roschev. Sativae 24 Tropical Asia W0106, W0122 
3. O. perennis Moench* Sativae 24. Tropical countries, W0032, W0149 
worldwide 
4 O. glaberrima Steud. Sativae 24. West Africa, cultivated W0040, W0492 
5 O. breviligulata Sativae 24. West Africa to Sudan W0009, W0042, W0049 
A. Cheval et Roehr. 
6 O. australiensis Domin Sativae 24. Northern Australia W0008 
7 O. latifolia Desv. Sativae 48 Central and South W0019, W0020, W0047 
America 
8 O. alta Swallen Sativae 48 Central and South W0017 
America 
9 O. minuta Presl. Sativae 48 Malaya, Java & W0016, W0045 
Philippines 
10 O. officinalis Wall. Sativae 24. Tropical Asia W0002, W0006, W0012 
11 O. etchingeri Peter. Sativae 48 East Africa W0015, W0043 
12 O. malabarensis South India W0021 
(Malabar Distr.) 
13 O. granulata Nees Granulatae 24 Tropical Asia W0003 
14. O. ridleyi Hook. Coarctatae 48 Malaya & Thailand W0001 
15 O. brachyantha Coarctatae 24 West and Central Africa W0023 
A. Cheval et Roehr. 
16 O. subulata Nees Rhyncoryza 24 South America W0510 


*O. barthit A. Cheval, O. longistaminata A. Cheval and O. cubensis Ekman are included in O. 


perennis. 


Remarks: Important species absent in the materials studied are O. grandiglumis Prod. (South 
America), O. punctata Kotschy (East Africa), O. meyeriana Bail. (Java and Philippines), and O. 


coarctata Roxb. (India). 
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TABLE 2. List of characters investigated 
State code 

No. Character or unit Remarks 

1  Ligule shape 3-2-1 Roundish—Acute 

2 ~_Ligule, hairiness 3-2-1 Haired— Hairless 

Ligule, stiffness 3-2-1 Stiff—Membraneous 

4 Auricle size 3-2-1 Large—Small 

5 Leaf blade width 3-2-1 Broad—Narrow 

6 Spreading of leaves 3-2-1 Spread—Erect 

7 Spreading of tillers 3-2-1 Spread—Erect 

8 Plant height 3-2-1 Tall—Dwarf 

9 Internode septum 3-1 Present—Absent 
10 Panicle number per stem 3-1 Two or more—One 

11. Thickness of rachis 3-2-1 Thick—Thin 
12 Bristles on rachis 3-1 Present—Absent 
13. Panicle shape 3-2-1 Spread—Closed 
14. Articulation of pedicel 3-2-1 Rectangular—Oblique 
15. Empty lemma shape 3-1 Setaceous—Linear 
16 Empty lemma, ciliatedness 3-1 Ciliated—Non-ciliated 

17. Apical elongation of inner glume 3-2-1 Elongated—Non-elongated 
18 _ Bristles distribution on glumes 3-1 Along ribs—On whole surface 
19 Thickness of awn 3-2-1 Thick—Thin 
20 = Rhyzome development 3-2-1 Well developed—Absent 
21. Duration of plant 3-1 Perennial—Annual 
rate of seedlings 3-2-1 Rapid—Slow 
23. Grain length mm 
24. Grain width mm 
25. Grain size mm? Grain length X width 
26 ~=Grain shape Grain length/width 
27. Apiculus hair length micron 
28 Empty lemma length mm 
29 Ligule length mm 
30 Stoma cell size micron Longitudinal size of motor cell 
31 Anther length mm 
32. Pollen grain diameter micron 
33 Awn length mm 
34. Premature grain shedding Index-numbers Judged visually 
35. Alkali-test of endosperm Index-numbers 2% KOH solution was used. 
36 Branch number per panicle 
37. Grain number per unit length 
38 Grain number per panicle 
39 Panicle length cm 
40 Weight of 100 grains gm 
41. Germination capacity % Hulled grains, 90 days after heading 
42. Number of days of germination Days 


Insular, and the other two were of the from 1 to 3. For instance, regarding 


Japonica or Temperate-Insular types. 


the fringe of the ligule, 1 meant hairless, 


The characters investigated, 42 in total 3 meant haired, and 2 meant inter- 
number, are listed in table 2. As shown’ mediate. If the ligule itself was absent, 
in the table, twenty of them have been 0 was given. Strains belonging to one 


chosen as the characters usually accounted 
for in taxonomical descriptions, while the 
remaining 22 are quantitative ones. The 
20 taxonomic (Nos. 1-7 & 9-21) and 
two quantitative (Nos. 8 & 22) were 
recorded using code numbers ranging 


species did not always show the same 
development of a character. In such 
cases, the code number occuring with 
higher frequency was taken as representa- 
tive for the species. When the number 
of strains were two, a code number 
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supposedly representative of the species 
was chosen, after investigating several 
plants of the strains in question. 

For the remaining 20 quantitative char- 
acters (Nos. 23-42), measurements were 
taken using different units (centimeter, 
micron, etc.), and their species means 
were standardized taking the general 
mean for the 16 species to be zero. 
Further, for these 20 characters, records 
thus given in standard deviation unit were 
again transformed into code numbers, 
taking those over 0.43 to be 3, those 
between 0.43 and — 0.43 to be 2, and 
those below — 0.43 to be 1. These trans- 
formed records were used in a part of 
computations for the sake of comparison 
between two systems of arrangement, one 
showing all 42 characters in code num- 
ber, and the other showing 22 in code 
number and 20 in standard deviation 
unit. 


METHODS OF COMPUTATION 


Correlation matrix. Records for 42 
characters in 16 species are given in a 
42 x 16 table. From the figures in the 
table, correlation coefficients between spe- 
cies were calculated, relating each species 
in all possible combinations. Two cor- 
relation matrices, one based on records 
for 42 characters given in code number 
(Correl. matrix I), and the other based 
on 22 characters in code number and 20 
in standard deviation unit (Correl. ma- 
trix II), were constructed (table 3). 
For constructing the latter matrix, cor- 
relation coefficients were calculated sepa- 
rately for the two groups of characters, 
and their arithmetic means were used, 
assuming that this procedure, although 
it cannot be justified mathematically, 
will not seriously interfere with the pur- 
pose of combining all information for a 
survey of the pattern of interspecific 
variations. 

Factor analysis. Several different solu- 
tions are known for factor analysis from 
a correlation matrix. The method used 
by the writers is the “averoid method,” 
which follows the same procedure as the 


centroid method except that diagonal 
elements are excluded from the matrices. 
From the original correlation matrix 
(ry) (ij), loadings of the first factor 
on the respective species are calculated 
by the formula: 


i¥]j, 


where n stands for the number of species, 
and the factor n/(n— 1) is required be- 
cause the means of correlations in the 
respective columns are used as estimated 
values of diagonal elements (commu- 
nality). Then, the matrix (F,-F;), 
which is obtained by multiplying column 
vector (F,) by row vector (F;), is sub- 
tracted from the original correlation 
matrix. The second factor is extracted 
from the residual matrix by the same 
formula as used for finding the first 
factor. This computation is repeated 
until the factor loadings newly obtained 
become sufficiently small. In this study, 
computation was continued until the 
fourth factor. Then, the values of com- 
munality, = F?, were calculated for each 
species. 

In this procedure, if in a row or column 
there were more minus than plus signs, 
the signs in the row and column were 
transformed to the opposite, and after 
obtaining factor loadings, their signs 
were readjusted so that the situation 
before this transformation was restored. 

Sokal’s weighted variable group method. 
Details of the procedure of calculation 
may be referred to Sokal and Michener 
(1958) ; a brief explanation of the method 
will be given below. First, examining 
the correlation matrix, two species, which 
show the highest correlation in the row 
and the column belonging to them re- 
spectively, are chosen as the “nucleus” 
of a group to be formed. Then, the 
third species which shows the highest 
average correlation with the members of 
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TABLE 4. Factor loadings and communalities obtained for each species 


From cor. matrix I 


From cor. matrix II 


Species F.I F.II FVIII F.IV h? F.I F.II F.IIT F.IV h? 
1. O. sativa 176 —.596 474 —.160 .636 169 —.627 —.394  .584 
2. — f. spontanea 301 —.484 .043 -.334 —.449 —.335 341 .485 
3. O. perennis .297 —477 —.356 .466 197 —.399 —.240 .206 .298 
4. O. glaberrima 393 —.658 —.120 —.271  .675 197 —.391 —.234 —.043  .248 
5. O. breviligulata 174 —.418 166 .346 030 —.387 —.338 .227  .316 
6. O. australiensis O52 .104. —.292 _.236 —.117 470 .089 —.263  .312 
7. O. latifolia 434 .375 —.373 —.456  .676 503 402 .090 —.344 
8. O. alta 450 530 —.112 580 .231 —.251 =.623 
9. O. minuta 572 =.281 .245 699 351 .839 
10. O. officinalis 686 560 .234 .839 780 =©.206 
11. O. eichingert 746 —.267_ 741 330.214 —.306 
12. O. malabarensis 659 378 163 094.613 665 .159 021 —.051 
13. O. granulata 520 453 .086 .207 .526 4840 340) 599.796 
14. O. ridleyi —.027 .384 .199 002. 318.144 
15. O. brachyantha 100 «6.045 414.192 —.003 .268 —.105 .571 .409 
16. O. subulata —.763 .369 —.375 .086  .866 —.513 —.127 035 .263 .350 


the nucleus is added to the group, then 
the fourth and so on. In this procedure, 
a species to be admitted into a group 
should have with a member of the group 
a correlation which is the highest in its 
own row (or column). The limit to 
which new members can be admitted is 
set when the drop of average correlation 
coefficient by admitting a new species 
exceeds an empirically determined value 
(0.20 in the present study). 

When the limits are reached in all 
groups thus formed, correlations between 
groups are found by the formula (Spear- 
man's sum of variables method ) 


Dq 


Vpt+ 2Ap Vq + 


= 


where [ ]pq is the sum of all correlations 
between members of one group with the 
other group, Ap and Aq are the sums 
of all correlations between members of 
the first and second groups, respectively, 
and p and q stand for the numbers of 
members in the respective groups. Then, 
with the between-group correlation ma- 
trix, the same procedure as used for the 
first grouping is followed. In the present 
study, the fifth matrix gave a_ single 
group of 16 species. The resultant re- 


lationships among species are shown in 
a tree-like diagram, in which the magni- 
tude of correlation between any two 
joining stems can be read on the abscissa. 


RESULTS OF COMPUTATIONS 


The correlation matrix based on 42 
characters in code number (Correl. ma- 
trix I) and that based on 22 characters 
in code number and 20 characters in 
standard deviation unit (Correl. matrix 
II) are given in table 3, above and below 
the diagonal, respectively. These two 
matrices appear to be largely comparable 
with each other. For example, the 
highest value is found in both of them 
between O. officinalis and O. minuta. 


1. Results of factor analysis 

Loadings of the first to fourth factors 
and the values of communality (h*) 
found for each of the 16 species examined 
are given in table 4, in which those ob- 
tained from correlation matrices [| and 
II are given in the left and right halves 
of the table, respectively. In several 
species, the values of communality did 
not come near to 1.0 enough for as- 
suming that factors contributing to those 
species were fully extracted. However, 
extraction of four factors was considered 
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to be sufficient for the classificatory a factor. Clusters of species could be 
purpose of this study; theoretically, the recognized by examining these four fac- 


species are assumed to be distributed in tors as mentioned below. 


a multi-dimensional space, which is de- The data in table 4 show the distribu- 
termined by many axes each representing tion of species in a_ four-dimensional 
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Fic. 2. Diagram of relationships obtained from correlation matrix I. 


space. In order to visualize the distribu- 
tion, it was projected on scattering dia- 
grams by combining two of the four factor 
loadings in all possible ways. Twelve 
different distribution patterns (six from 
each of correlation matrices I and II) 
were thus obtained. In six of them, all 
species appeared to be evenly scattered 
in the diagram. In the other six, the 
species appeared to form a few clusters. 
The latter six diagrams (a and b from 
Correl. matrix I, and c, d, e and f from 
Correl. matrix II) are set out in fig. 1. 

The diagrams in fig. 1 show that there 
are two main clusters of species, one 
comprising Species 1, 2, 3, 4 and 5 (O. 
sativa, O. sativa f. spontanea, O. peren- 
nis, O. glaberrima and O. breviligulata, 
respectively), and the other comprising 
Species 7, 8, 9, 10, 11, 12 and 13 (O. 
latifolia, O. alta, O. minuta, O. officinalis, 
O. eichingeri, O. malabarensis and O. 
granulata, respectively). The remaining 
four species (6, 14, 15 and 16, or O. 
australiensis, O. ridleyi, O. brachyantha 
and O. subulata) are scattered outside 
these clusters. 


Accordingly, the 16 species investigated 
may be classified into three groups. The 
first group, forming the first cluster, con- 
sists of two cultivated species and three 
wild ones which are known to be closely 
related with the cultivated species. This 
group may be called “Sativa group.” 
The second group, consisting of seven 
wild species forming the second cluster, 
may be called “Officinalis group,” taking 
the name of its representative diploid 
member (as shown in table 1, most spe- 
cies in this group are tetraploid). The 
third is not a group of mutually resembl- 
ing species; the species scattered outside 
the former two, which might be distantly 
related to one another, may be con- 
veniently included, and may be called 
“miscellaneous group.” 


2. Tree-like diagrams obtained by Sokal’s 
method 


As mentioned already, computation by 
Sokal’s weighted variable group method 
brings about a tree-like diagram showing 
interspecific relationships. The diagrams 
obtained from correlation matrices I and 
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II are presented in figs. 2 and 3, re- 
spectively. Comparing them with each 
other, and with the results of factor 
analysis, a consistency is recognized 
among them. Namely, in both of the 
tree-like diagrams, the 16 species in- 
vestigated are divided into two conver- 
gent groups and the remaining part, which 
are just comparable with the three groups 
found by factor analysis and provisionally 
named “Sativa,” “Officinalis” and “mis- 
cellaneous,” respectively. It seems that 
in the genus Oryza, there are two rela- 
tively distinct groups of species, though 
several distantly related species are 
scattered outside of them. 

In these tree-like diagrams, the inner 
structure of the groups, which the factor 
analysis has not shown, may be read to 
some extent. However, in the minor 
structure, the diagrams in figs. 2 and 3 
are not completely consistent. An im- 
portant difference between them is that 
O. sativa is directly related with O. 
glaberrima and O. perennis in the former, 


while with the group of O. perennis and 
O. sativa f. spontanea in the latter. An- 
other difference is that in the former, O. 
australiensis is linked with O. subulata, 
but in the latter, with the “Officinalis 
group.” It may be difficult to evaluate 
immediately which is correct, though the 
diagram in figure 3 seems to be in closer 


-agreement with information from other 


sources, as discussed later. 


DISCUSSION 


The methods adopted in this study 
are worked out upon the following as- 
sumptions: (1) The characters observed 
represent the entire spectrum of inter- 
specific variations under discussion, and 
(2) no particular weighting is needed 
for them. These premises have been 
carefully discussed by Michener and 
Sokal (1957), and it seems that their 
views dealing with insect materials can 
be safely extended to similar investiga- 
tions in plant materials. 

Regarding the first premise, we may 
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Fic. 3. Diagram of relationships obtained from correlation matrix II 
(based on 42 characters). 
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deem that species are differentiated by 
a large number of genic changes, though 
we can examine only an easily recogniz- 
able part of the results of this process. 
Then, assuming that both the recogniz- 
able and potentially existing differences 
are similarly the outcome of phylogenetic 
differentiation, our choice of characters 
may be regarded as an unbiased sam- 
pling from a large population of inter- 
specific differences. 

The second premise seems to conflict 
with the established method of taxonomy, 
in which weight is given to a few 
“important” characters. However, the 
weightings of classical taxonomy seem 
to be given mostly for the convenience of 
classification. Theoretically, it may be as- 
sumed that the relative importance of char- 
acters can be evaluated by the number of 
relevant genes, or on the basis of their sig- 
nificance in evolutional processes. How- 
ever, it is difficult to estimate the number 
of genes controlling a character, because 
it may differ according to crosses, and in 
addition to those segregating genes, the 
genetic background of the species is 
needed for the expression of characters. 
It is also difficult to evaluate the signifi- 
cance of a character in evolutional pro- 
cesses. A seemingly minor character 
can be an indication of underlying physi- 
ological processes which are important 
for the species under a certain condition. 
Thus, without a bulk of experimental 
knowledge, it seems practically impossible 
to evaluate the relative importance of 
many characters. 

Problems remain further regarding 
possible correlations between the char- 
acters. In his classificatory study of 
human tribes, Rao (1952) tried to elimi- 
nate the effect of between-character cor- 
relations, by following complicated pro- 
cedures based on the principle of partial 
regression. However, correlations be- 
tween characters are either of develop- 
mental or selectional origin. In_ the 
former case, they are due to environ- 
mental co-fluctuation of characters or 
pleiotropic effects of genes (environ- 
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mental and genetic correlations in the 
ordinary sense). In the latter, correla- 
tions are the outcome of phylogenetic 
differentiation, since certain character 
ccmbinations might be selected from 
among numerous ones if selection follows 
hybridization. In taxonomic studies, 
therefore, the former type of between- 
character correlations should preferably 
be removed, but the latter type should 
be retained. It is, however, difficult to 
distinguish between these two types with- 
out the aid of specially designed genetic 
experiments. 

The above considerations may lead to 
the view that no weighting for the char- 
acters is better than weighting without 
sound bases. The number of characters 
taken in this study, 42, may be said to 
be the minimum for estimating second 
degree statistics with a certain reliability. 
The mathematical techniques employed 
seem to be rather sensitive to changes 
in the correlation matrix. However, 
the results obtained by the two different 
methods appeared to be comparable. 
They may then be used as a basis for 
looking into the phylogenetic relation- 
ships of the species. 

We should further consider that the 
species, which had been in their natural 
habitat in widely different environments, 
were investigated under experimental 
conditions. The majority of characters 
observed may be regarded to be stable, 
while some might have shown different 
appearances. It may, however, be said 
that insofar as we are interested in 
genotypic variation, the material should 
be tested under an environment as evenly 
controlled as possible. 

According to Chatterjee (1948), the 
number of good species known in the 
genus Oryza is 23, though many synony- 
mous names had been used for some of 
them. As mentioned in the introduction, 
Roschevicz (1931) considered them to 
be classified into four sections (table 1). 
The species examined in the present 
study cover two-thirds of the known spe- 
cies, belonging to all of the four sections 


i 
| | 
» 
| 


of Roschevicz. However, of the four 
sections, Section Sativae is the largest 
one, and the species examined in the 
present study are for the greater part 
its members. 

Regarding the structure of Roschevicz’s 
Section Sativae, an important feature of 
our study is the demonstration that it 
contains two relatively distinct groups of 
species. One of them, called “Satrva 
group,” comprises O. sativa, O. sativa f. 
spontanea, O. perennis, O. glaberrima and 
O. breviligulata; the other called “Of- 
ficinalis group,’ comprises O. officinalis, 
O. minuta, O. eichingeri, O. latifolia. and 
O. alta. This grouping agrees well with 
what Sampath and Rao (1951) have 
suggested reviewing the results of tax- 
onomical and cytological studies carried 
out in India. 

The “Sativa group” seems, further, to 
be subdivided into two minor groups, one 
consisting of O. sativa, O. sativa f. spon- 
tanea and O. perennis, and the other con- 
sisting of O. glaberrima and O. breviligu- 
lata; the F,s between members of these 
two groups are highly sterile. This as- 
sumption may throw some light on the 
origin of cultivated rice; taking the tree- 
like diagram in fig. 3 as a_ model, 
the binding link between O. sativa f. 
spontanea and O. perennis is actually 
demonstrated by the continuity of varia- 
tion between these species, which is 
particularly obvious among strains col- 
lected from the delta area of the Godavari 
River, India (the writers’ unpublished 
data). The links between these species 
and QO. sativa are found among the strains 
collected from Jeypore Tract, Orissa, 
India, among which many intermediates 
between wild and cultivated forms occur 
(Oka, Chang and Narise 1959). Ac- 
cording to Portéres (1956), the joining 
link between O. glaberrima and O. 
breviligulata is found in Tropical West 
Africa in wild populations involving these 
species. 

In the “Officinalis group,” two pairs 
of species, O. officinalis and O. minuta, 
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as well as O. latifolia and O. alta, ap- 
peared to form minor groups. In each 
of them, the coupled species showed a 
high resemblance; the only valid distinc- 
tion between O. officinalis and O. minuta 
was that they were diploid and tetraploid 
respectively. 

Looking into these problems, however, 
we must make the reservation that in 
the present study, a species was rep- 
resented by only a few strains which had 
been identified as belonging to it, and 
accordingly, intra-specific variations could 
not be discussed. Further studies in 
these respects are apparently needed. 

O. australiensis, which is according to 
Roschevicz (1931) a member of Section 
Sativae, appeared in one of the diagrams 
obtained in our study to be linked with 
the “Officinalis group,” while in the 
other one to be related to O. subulata. 
In both cases, however, the correlation 
coefficients were too low to assume their 
relationships. This species may be con- 
sidered to be relatively independent. If 
it is considered to rank as a section, 
Roscheviez’s Section Sativae would con- 
sist of three sections, Sativae, O fficinales 
and Australienses. 

A question also arises regarding O. 
granulata. In the present study, this 
species appeared to be related to the 
“Officinalis group.” According to Ros- 
chevicz (1931), it belongs to a separate 
section, Granulatae, with its sister spe- 
cies, O. meyertana. It is possible that 
within the range of 42 characters in- 
vestigated in the present study, varia- 
tions around this species could not be 
soundly surveyed. 

The link between O. ridleyt and O. 
brachyantha found in our study places 
them in Roschevicz’s Section Coarctatae. 
However, the correlation between these 
two species was too low to consider 
them to belong to the same group. The 
results of the present study, thus, seem 
to suggest that the species outside the 
“Sativa” and “Officinalis” groups are 
rather independent of one another. It 
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seems that, as shown in tree-like dia- 
grams, the major lines of evolutional 
progress in the genus Oryza are directed 
toward the two groups of species, “Sativa” 
and “Officinalis,’ while several species 
have been left outside the main lines. 
Further, as discussed by Michener and 
Sokal (1957), there arise problems as 
to how the degree of resemblance be- 
tween species, as shown by correlation 
coefficients, serves in the historical sense 
as an index of phylogenetic distance 
between them. The answer to this ques- 
tion is difficult if parallel variations occur 
in isolated groups. Setting such a com- 
plication aside, the assumption that the 
more closely two species resemble each 
other, the closer is their phylogenetic 
distance, may be accepted with the reser- 
vation that the groups under discussion 
have had the same rate of evolutional 
progress. In the materials of the present 
study, however, the “Sativa group” might 
have had, with the creation of cultivated 


forms, a higher rate of evolution than the 


other groups. Actually, genetically close 
relationships between the species of the 
“Sativa group” are shown by the fact 
that they can be easily crossed and their 
chromosomes pair in the F, almost 
normally. However, the magnitude of 
correlations among them was generally 
lower than that in the “Officinalis group,” 
in which the majority of species are 
tetraploid and isolating barriers between 
them might be more profound. This 
indicates that evolution in the “Sativa 
group” has been accelerated, as pointed 


out by Anderson and Stebbins (1954), 


may be due to the disturbance of habitats 
by man. 

It seems that, for approaching the 
phylogenetic hierarchy of the genus 
closer, the results of the present study 
should be examined in comparison with 
data from genetic experiments. It may, 
however, be said that the statistical in- 
vestigations, as reported in this paper, 
are useful for obtaining basic informations 
on which further studies may proceed. 


SUMMARY 


In order to obtain an insight into the 
pattern of interspecific variations in the 
genus Oryza, 16 species of the genus 
were studied by statistical taxonomical 
methods. A species was represented by 
one to five strains, and records were 
taken for each strain regarding 42 char- 
acters. Between-species correlations were 
calculated from the data, and the resultant 
correlation matrices were analyzed, first 
with the technique of factor analysis, and 
secondly by Sokal’s weighted variable 
group method. The diagrams showing 
interspecific relationships obtained from 
these computations appeared to be well 
comparable. It was pointed out that 
Roschevicez’s Section Sativae could be 
divided into distinct groups of species, 
one represented by O. sativa with four 
other species, and the other represented 
by O. officinalis with six other species. 
The inner structure of these groups was 
also shown in tree-like diagrams. Based 
on interspecific relationships thus esti- 
mated, discussion was made about the 
phylogenetic hierarchy of the genus. 
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Natural populations of many, though 
not of all, species of Drosophila are 
polymorphic for the structure of their 
chromosomes. Most of the naturally oc- 
curring chromosomal variations are caused 
by inversions of sections of chromosomes. 
The polymorphism often exhibits inter- 
esting geographic differences, the popu- 
lations of some parts of the distribution 
area of a species being either quanti- 
tatively or qualitatively different from 
other populations with respect to the 
chromosomal variants which they con- 
tain. Drosophila melanogaster and D. 
simulans are closely related species the 
distribution of which is, at present, al- 
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most world-wide (the former species 
being, however, more at home in cooler 
and the latter in hotter countries). Both 
species are “animal weeds’ associated 
with man, their original distribution areas 
being unknown. Nevertheless, the two 
species contrast sharply in that D. mela- 
nogaster is very frequently chromosom- 
ally polymorphic (Dubinin, Sokolov and 
Tiniakov 1936, 1945; Bridges and 
Brehme 1944; Patterson Stone 
1952), while D. simulans has not been 
observed to deviate from a strict chromo- 
somal monomorphism. 

The purpose of the present article is 
to report observations on the chromo- 
somes of certain populations of D. mela- 
nogaster and D. simulans in Egypt. 
These two species constitute the bulk of 
the Drosophila fauna of that country, 
three other species (D. immuigrans, D. 
bussattu, and D. busckii) having been 
encountered only sporadically and in few 
locations. 


MATERIAL AND METHODS 


Collections have been made in the nine 
localities shown in figure 1, eight of 
them being in Egypt and one in Lebanon. 
Fermenting banana was used as_ bait, 
the best time for attracting the flies being 
before sunset and after sunrise. 

The procedure of analysis of the chro- 
mosomes consisted in examination of the 
salivary gland cells of a single F, larva 
obtained in the laboratory from each 
wild female collected in nature. This 
method permits the diagnosis of the gene 
arrangements in two wild chromosomes, 
contributed respectively by the mother 
and by the father of the larva examined. 


166 


i 
} 
4 
4 
ALEXANDRIA 
| "04 
ABU S/R \ 
202 
i > | 
i #0 
if 
| 
KOM OMBO 
| 
| 
| 


TABLE 1. 
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Place and date of capture, and frequency of Drosophila melanogaster and D. simulans 


Locality 


Flies tested 


Date of collection D. melanogaster 


D. simulans 


Lower Egypt 


Alexandria 26 August 1956 120 206 30 26 
22 October 1956 109 160 20 36 

15 December 1956 22 28 19 26 

Abu Sir 1 August 1956 3 1 95 112 
Nubaria 7 August 1956 200 248 20 1 
26 September 1957 233 484 29 13 

Mahalla El-Kubra 27 July 1957 126 120 50 18 
Wadi El-Natrun 9 September 1957 94 49 25 5 

Upper Egypt 

Fayum 10 July 1956 75 90 8 3 
Beni Suef 21 December 1956 9 1 277 246 
Kom Ombo 30 August 1956 3 — — — 
5 April 1957 11 10 114 164 


Samples of this sort were designated as 
“egg samples” by Dobzhansky and Levene 
(1948). The identification of the dif- 
ferent gene arrangements was made with 
the help of the “maps” of the salivary 
gland chromosomes prepared by Bridges 
(1935). The numbers of flies tested and 
the frequencies of the various gene ar- 
rangements are given respectively in 
tables 1 and 2. 


THE GENE ARRANGEMENTS IN 
Drosophila melanogaster 


In all the populations examined, the pre- 
vailing gene arrangement was that described 
as the standard by Bridges (1935). How- 
ever, thirteen different inversions have also 


been recorded, all of them having been seen 
only in heterozygous condition in the off- 
spring of the wild-collected flies. 

The inversions were distributed between the 
chromosome limbs as follows: four in the left 
arm of the second chromosome (2L), two in 
the right arm of the same chromosome (2R), 
two in the left arm (3L) and five in the 
right arm (3R) of the third chromosome, 
none in the X or in the small fourth chro- 
mosome. Fight of the thirteen inversions are 
identical with those previously reported by 
other workers (see Bridges and Brehme 1944), 
and five are new. The characteristics and 
designations of the inversions are as follows: 


Chromosome 2, left arm (2L) 


1) An inversion with breaks between 23E2 
and 23Es; and between and This 


TABLE 2. Frequency percentages of the various gene arrangements found in the second and third 
chromosomes of D. melanogaster flies collected from Egyptian and Safa, 
Lebanon natural populations 
Number 2L 2R 3L 3R 
of larvae 
Locality examined NS Cy M: M2 NS M P M MO Cc P K M 

Alexandria 110 89 — 18 — 23 — — — 23 09 —- —- — 
Wadi El-Natrun 4 j— 239 — — —_ — 43 — 11 53 — 05S — 
Nubaria 212 — 75 — — 118 — §.2 05 07 75 — 02 — 
Abu Sir $333 —- — — — 67 —- —- — 
Mahalla El-Kubra_ 111 — 98 — — - — 05 — 23 — — 05 — 
Fayum 54 —_ — — 19 0.9 —- — — — 2.8 — 12.03 
Safa, Lebanon 66 2.3 — -- - - - 08 — 08 08 — — 


A 


ial 
| 
. i 
14 
{ 
| 
Hi: 


168 


is the inversion In(2L)NS (Bridges and 
Brehme, 1944). This inversion was found in 
Abu Sir, Alexandria, and Safa, Lebanon, with 
the frequencies 33.3%, 8.18%, and 2.25% re- 
spectively. The high frequency encountered at 
Abu Sir could only be attributed to the very 
small number of melanogaster flies examined 
from this locality. In(2L)NS was the only 
second chromosome inversion found in Safa. 

2) Another inversion with breaks between 
22D; and 22D. and between 33F and 34A, 
has been designated as In(2L)Cy (Bridges 
and Brehme, 1944). It was recorded in Wadi 
El-Natrun, Mahalla El-Kubra, and Nubaria 
with the frequencies 23.93%, 9.81%, and 7.54% 
respectively. 

3) A new inversion, with the left break 
before 38F; and the right break following the 
second band in 40F,;. Found only in Alexandria 
with a frequency 1.81%. Designated In(2L) Ms. 

4) Another new inversion extending from 
the 21F light band to heavy band 33A in- 
clusive. Designated In(2L) M2; found only in 
Fayum, with a frequency 1.85%. 


Chromosome 2, right arm (2R) 


5) An inversion with one break between 
52A and 52B: and the other break after 56F. 
This is In(2L)NS of Bridges and Brehme 
(1944). Found in Alexandria with a fre- 
quency 2.27%, and in Nubaria, 23.58%. 

6) A new inversion, the left break being 
after 54F: and the right break between 58F 
and 59A. Designated In(2R)M; found only 
in Fayum with a frequency 0.92%. 


Chromosome 3, left arm (3L) 


7) An inversion identical with In(3L)P of 
Bridges and Brehme (1944). Encountered in 
Beni Suef, Nubaria, Wadi El-Natrun, and 
Mahalla El-Kubra with the frequencies 16.65%, 
5.18%, 4.25%, and 0.45% respectively. 

8) A new inversion. It extends from before 
66D to 71D inclusive. Designated In(3L)M. 
Found in Safa and Nubaria with frequencies 
0.75% and 0.47%. 


Chromosome 3, right arm (3R) 


9) The inversion designated In(3R)mo 
(Bridges and Brehme, 1944). It was found 
in Alexandria, Mahalla El-Kubra, Wadi EI- 
Natrun and Nubaria with frequencies 2.27%, 
2.25%, 1.06%, and 0.7% respectively. 

10) This nearly terminal inversion is des- 
ignated In(3R)C by Bridges and Brehme 
(1944). Its frequency in Abu Sir was 16.65%, 
in Nubaria 7.45%, in Wadi El-Natrun 5.31%, 
in Alexandria 0.9%, and in Safa 0.57%. 
However, the high frequency in Abu Sir may 
be attributed to the small number of flies 
examined. 
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11) Another inversion with breaks after 89C 
and after 96A is designated In(3R)P by 
Bridges and Brehme (1944). Encountered in 
Fayum and in Safa with frequencies 2.76% 
and 0.75% respectively. 

12) An inversion with breaks before 87A; 
and before 97A:. It seems to be the same as 
that designated In(3R)K by Bridges and 
Brehme (1944). Found in Wadi El-Natrun, 
0.53%, in Nubaria, 0.23%, and in Mahalla 
El-Kubra, 0.45%. | 

13) A new inversion, extending from 86F 
till after 100D. Designated In(3R)M. Found 
only in Fayum with a frequency of 12.03%. 


FREQUENCY AND DISTRIBUTION OF THE 
INVERSIONS IN D. melanogaster 


1—Alexandria 


Five different inversions were found in this 
locality, viz. In(2L)NS, In(2L)Mu,, In(2R) NS, 
In(3R) Mo, and In(3R)C. Their frequencies 
are shown in table 2. About 72.72% of the 
flies in this locality carry the standard gene 
arrangement. The (2L)NS inversion was the 
most frequent one. Inversions (2L)M4,, 
(2RYNS, and (3R)Mo were present with 
nearly equal frequencies, while (3R)C was the 
least frequent one. 

Four cases were found where a larva car- 
ried two heterozygous inversions. One of them 
had (2R)NS and (2L)NS, the second (2R)NS 
and (3R) Mo, the third (2L)M; and (2L)NS 
and the fourth (2L)M; and (3R) Mo. 

Most of the polymorphism in this locality 
seems to be concentrated in the left arm of 
the second chromosome. 


2—Wadi El-Natrun 


This locality is a completely isolated valley 
in the Western Egyptian Desert. Five dif- 
ferent inversions were found in this locality, 
viz. In(2L)Cy, In(3R)C, In(3R)K, In- 
(3R)Mo, and In(3L)P. 

Nine larvae were found to be carrying 
more than one inversion. Three of them had 
In(2L) Cy and In(3R)C, four carried In(2L)Cy 
and In(3L)P, one had In(2L) Cy and In(3R)K, 
and one had In(2L)Cy and In(3R)Mo. Most 
of the polymorphism was in 2L, while 2R 
was free from inversions. 


3—Nubaria 


The population of this locality appears to 
be the most polymorphic population examined. 
Seven different inversions have been found, 
viz. In(2R)NS, In(2L)Cy, In(3R)C,_ In- 
(3R)Mo, In(3R)K, In(3L)P, and In(3L)M. 

In all, 31 larvae carried two heterozygous 
inversions each, and one larva had three dif- 
ferent inversions. Six larvae carried (2R)NS 
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and (3R)C, three had (2R)NS and (2L)Cy, 
one had (2R)NS and (3L)P, four had (2L)Cy 
and (3R)C, twelve carried (2L)Cy and 
(3L)P, one had (2L)Cy and (3R)Mo, one 
had (2L)Cy and (3L)M, one had (3L)P and 
(3R)C, one had (3L)M and (3R)Mo, and 
one had (3L)P and (3R)K. The larva 
heterozygous for three inversions carried 


(3L)P, (3R)C and (2L)Cy. 
4—Mahalla El-Kubra 


Four’ different inversions were found, 
viz. In(2L)Cy, In(3R)Mo, In(3R)K, and 
In(3L) P. 


5—Abu Sir 


The Drosophila population from this locality 
was almost entirely D. simulans. Only three 
melanogaster females were caught. Two of 
them were heterozygous for In(2L)NS, and 
the third carried In(3R)C. 


6—Fayum 


Four inversions were encountered in this 
locality, viz. In(2L)Ms, In(2R)M,, In(3R)M, 
and In(3R)P. 

Most of the polymorphism is concentrated in 
the third chromosome. 
7—Beni Suef 


The Drosophila population here was mostly 
D. simulans. Nine melanogaster females were 
found, six of them free from inversions, while 
the remaining three carried In(3L)P. 


8—Kom Ombo 


Eleven melanogaster females were caught, 
and they were free from any polymorphism. 


9—Safa, Lebanon 


Four inversions were encountered in this 
locality, viz. In(2L)NS, In(3L)M, In(3R)P, 
and In(3R)C. 


LACK OF INVERSIONS IN D. simulans 
POPULATIONS 


The populations of D. simulans from 
the nine localities listed in table 1 were 
examined cytologically. In sharp con- 
trast to D. melanogaster from the same 
localities, all the populations of D. stmu- 
lans were found to be free from any 
perceptible chromosomal polymorphism. 


NATURAL HyBRIDS BETWEEN D. 
melanogaster AND D. simulans 


Despite their external phenotypic simi- 
larity, D. melanogaster and D. simulans 


show a complete reproductive isolation. 
They cross only with difficulty, one of 
the sexes in the hybrid progenies is 


inviable, and the viable sex is absolutely 


sterile. Nevertheless, two of the larvae 
examined cytologically proved to be hy- 
brids between the two species. One of 
them came from a female collected at 
Abu Sir and the other at Kom Ombo. It 
is evident that these females were in- 
semenated in their natural habitats by 
males of foreign species. 


CONCLUSIONS AND SUMMARY 


The two commonest Drosophila spe- 
cies in Egypt, namely D. melanogaster 
and D. simulans contrast strikingly in 
that the populations of the former species 
exhibit considerable chromosomal poly- 
morphism, while those of the latter spe- 
cies are chromosomally monomorphic. 

The populations of D. melanogaster 
found in different localities in Egypt 
may differ both in the amount and in the 
quality of the polymorphism present in 
them. In all, thirteen different inver- 
sions have been encountered, eight of 
which proved to be identical with in- 
versions recorded by various investigators 
in other countries, and five proved 
hitherto unknown ones. None of the 
inversions were recorded in the popula- 
tions of all the localities examined, al- 
though some of them are quite frequent 
in some localities. The standard gene 
arrangement is, however, the prevailing 
one in all chromosomes and in all locali- 
ties. No individual homozygous for any 
of the inversions has been encountered. 
This is unlikely to be due entirely to the 
inadequate size of the samples examined ; 
low adaptive values of the inversion 
homozygotes offer a more probable ex- 
planation. 
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The concept of correlation pleiades 
was originally advanced by Terentjev 
(1931). It is based on the presence of 
correlations between some quantitative 
characteristics, e.g., between dimensions 
of certain parts of an organism (or be- 
tween different measurements within one 
part), and, at the same time, on the 
absence of correlations between these 
and other parts. The existence of cor- 
relation pleiades leads to theoretically 
important conclusions. 

The presence of correlations between, 
for instance, the dimensions of some parts 
of an organism and the absence of cor- 
relations between the dimensions of these 
and the other parts of the same organism 
indicate the independence of certain de- 
velopmental processes with respect to 
other processes within the organism. The 
pleiades are thus a manifestation of 
differentiation. 

With respect to a given part, other 
parts of the same organism basically 
constitute its environment. The origin 
of correlation pleiades in the course of 
evolution is an indication of the increasing 
independence of certain developmental 
processes with respect to environmental 
factors, including the influences exerted 
by the other parts of the same organism. 
The study of correlations makes it pos- 
sible to establish the degree of indepen- 
dence reached. The adoption of such a 
quantitative criterion provides an ade- 
quate basis for the introduction of the 
comparative method in the study of the 
process by which this independence is 
attained. Investigation of correlation 
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pleiades has a_ considerable _ practical 
importance in science, as well as in agri- 
culture and medicine. 

The application of statistical methods 
to the solution of some taxonomical prob- 
lems depends entirely on the success in 
the choice of non-correlated characters 
(Heincke, Fisher; see Lubishchev, 1959, 
and Terentjev, 1959). The general 
theory of the correlation pleiades, includ- 
ing their ecological interpretation, pro- 
vides the pattern for selection of the non- 
correlated characters or ‘‘indicator-char- 
acters,” as Terentjev has termed them. 

In agricultural practice, especially in 
the industrial processing of the products 
of plant and animal husbandry, ever in- 
creasing practical importance is played 
by the standardization of raw agricultural 
materials. But a standard, or norm, is 
merely the expression of autonomy of 
characters, ie., of their independence 
from the fluctuations of environmental 
factors during the development of these 
characters. The principle of correlation 
pleiades brings us close to the controlling 
of the process of standardization. To 
know how pleiades arise, is to know the 
mechanism of the origin of independence 
from environmental variability. 

The general theory of correlation 
pleiades must obviously answer such 
questions as why correlation pleiades 
exist, and why it is a given part and not 
another one that escapes from the net- 
work of correlations within the organism, 
and either retains constant quantitative 
characteristics or varies according to its 
own principles more or less indepen- 
dently from the variation of other parts? 

The general theory of correlation 
pleiades can be formulated only if some 
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general principle were established, which 
would make it possible to consider any 
instance of presence or absence of the 
pleiades as some particular manifestation 
of that principle. The establishment of 
such a principle would enable us to pre- 
dict the existence of correlation pleiades. 
It is obvious, however, that this task has 
to be confined in each specific instance 
to the particular branch of science in- 
volved. Each branch of biology is cap- 
able of solving problems concerning living 
organisms, but the answer will always 
be restricted to those aspects of the object 
that this particular branch is investigat- 
ing. However, any principle, expressed 
in terms of a strictly defined branch of 
science, would, nevertheless, be a general 
principle, since it will allow the discovery 
of all the features common to the diverse 


elements of the phenomenon considered 
from a certain viewpoint. 

The purpose of the present paper is to 
give an ecological interpretation of the 
phenomenon of correlation pleiades ex- 
tending the previous report on this sub- 
ject (Berg, 1959b). Consequently, the 
focus of attention in the discussion is 
provided by the principle of adaptation. 

There are two aspects to this problem. 
Firstly, the adaptive significance of the 
correlation pleiades must be established. 
For this, the variability of the very 
phenomenon of correlation pleiades must 
be investigated to start with. That is 
to say that it is necessary to find in- 
stances of presence as well as of absence 
of correlation pleiades, or that a difference 
in the degree of correlation between 
analogous characters in different species 


TABLE 1. Ecological and morphological description of the plants studied 


Position of Presence 


Number the flower or absence 
of plants Mode of pollen Type of floral on the of tubular 
Species studied er symmetry plant parts 
1. Triticum aestivum 100 self-pollinated ) ) } 
2. Elymus arenarius 50 _wind-pollinated 
Hordeum vulgare var. 100 + dorsiventral lateral 
pallidum self-pollinated 
4. H. vulgare, var. nudum 100 
(hulless) J » lacking 
5. Anemone nemorosa 65 
6. Fragaria collina 50 pollinated by 
7. Papaver sp. 45 unspecialized > radial terminal | 
8. Cosmos bipinnata 150 insects 
(inflorescence) J 
9. Lychnis viscarta* 40) } } a 
10. L. chalcedonica* 30 radial 
pollinated by terminal 
11. Melandrium silvestre* 50 | catia present 
12. Nicotiana alata 40 | lial | lateral 
13. Phlox divaricatat 50 j \ lateral and 
f terminal 
14. Geranium pratense 65 | radial structure | | 
} functioning as | lacking 
15. Chamaenerium angustifolium 50, dorsiventral as | J 
pollinated by the result of | 
ae : bees and lateral position | lateral 
16. Linaria vulgaris 30 sciliflitans | | 
17. Delphinium elatum 53 | | | 
18. Digitalis ambigua dorsiventral! present 
19. D. purpurea 50° | 
20. Tropaeolum majus 150 J 


*In L. viscaria, L. chalcedonica and M. silvestre the false tube of the corolla is formed by laminar 


petals. The calyx is tubular. 


t+ In P. divaricata the flower is bilateral in consequence of the position of stamen. 
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TABLE 2. 


‘Stem 


Leaf 
Vegetative parts 4 


L 
1 Corolla 
Perianth 
Reproductive 
parts Calyx 
Flower 
Grain 


must be established. Next, it should be 
determined what complex of ecological 
relationships is associated with the pres- 
ence or absence of a particular pleiad. In 
the course of such investigation, the 
adaptive significance of the presence or 
absence of a correlation pleiad should be 
revealed and the selective factor re- 
sponsible for the origin of this pleiad 
identified. The second aspect, that deal- 
ing with the general principle of the 
origin of correlation pleiades, can be at- 
tacked only after this operation is applied 
to at least one specific case. This general 
principle may be sought from compari- 
sons of mechanisms of initiation of a 
variety of pleiades, for the purpose of 
identifying features common to all of 
them. 


MATERIAL AND METHODS 


Nineteen species of herbaceous plants 
have been studied in order to determine 
the variability in the degree of depen- 
dence between the dimensions of dif- 
ferent parts of an organism. One of the 
species studied, viz. barley (Hordeum 
vulgare) is represented in our study by 
two varieties: pallidum, Pushkinsky ozi- 
myi, no. 1, and the hulless variety nudum. 


Inflorescence 
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The measurements studied and the symbols used for them in tables 3-7 


Number of florets................ G 
(or of spikelets) 
Petal length 
(length of flowering glume)...... J 
Length of tubular parts......... .K 
Sepal length 


The wheat used in this study, Triticum 
aestivum (variety diamant) was studied 
both by Krasnovidova in 1956 and by 
the present author in 1957. Only the 
results of the second series of investiga- 
tions are given in this paper. The list 
of the species investigated as well as the 
number of the specimens studied for each 
species is given in table 1. The list of 
characteristics of plants and a key to the 
letter symbols denoting them in the fol- 
lowing tables are given in table 2. Not 
all the species were studied with respect 
to all characters listed, the range of the 
number studied for a species being from 
three to ten. 

The plant parts investigated were 
classified into vegetative and reproduc- 
tive according to the specific significance 
of form and dimensions for the process 
of reproduction. Stems, leaves and in- 
florescences are vegetative parts; stamen, 
pistil, corolla and calyx are reproductive 
parts. All the organs, the shape and 
dimensions of which are important in 
determining the success or failure of 
pollen transfer are thus denoted as 
reproductive. Hence, the inflorescence 
of Cosmos bipinnata, analogous in its 
function to radial flowers is regarded as 
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TABLE 3. Correlation coefficients between the dimensions of vegetative and reproductive 
parts of Chamaenerium angustifolium Scop. 


A | | D F | «6 
B | 0.8240.05 | 
Cc 0.70+0.07 | 0.84+0.04 
D 0.78 +0.05 | 0.66 +0.08 | 0.41 +0.12 
F 0.85 +0.04 | 0.77 +0.06 | 0.74+0.06 0.55 +0.10 
G 0.89 +0.03 | 0.90 +0.03 | 0.69 +0.07 0.56 +0.10 0.88 +0.03 rr 
I 0.05 +0.14 | 0.20+0.14 | 0.44+0.11 |—0.03 +0.14 0.16+0.14 0.07 +0.14 | 
M 0.09 +0.14 | 0.24+0.13 | 0.39 +0.12 |—0.10 +0.14 0.13 +0.14 0.08 +0.14  0.70+0.07 
O (—0.09+0.14 | 0.08+0.14 | 0.24+0.13 |—0.22+0.13 |—0.13+0.14 |—0.12 +0.14 0.50+0.11 | 0.49+0.11 
0.32+0.13 | 0.48+0.11 | 0.47+0.11 0.08 +0.14 0.29 +0.13 0.29 +0.13 | 0.57 +0.09 | 0.50+0.11 | 0.44+0.11 
| | 


a reproductive part, while the inflores- 
cences of all the other species studied 
are classified as vegetative parts. The 
outer parts of the perianth of different 
species (sepal, empty glume), as well as 
the inner parts (petal, flowering glume) 
are respectively denoted by the same 
symbols. Analogy rather than homology 
was deemed to be of significance. The 
resemblance in function of the outer 
parts of the perianth of different plants 
justified the search for pleiades involving 
their dimensions. This also holds for 
inner parts. Minor differences in func- 
tioning of parts justify the hope that the 
reasons for the presence or absence of a 
correlation pleiad could be understood 
and that an ecological interpretation of 
pleiades may be obtained. 

The dimensions of different parts were 
in all cases measured and analyzed within 
the same group of specimens. Correla- 
tions as expressed by correlation coeffi- 
cients were computed for the dimensions 
of all parts studied within each species. 

It may be seen from table 1 that the 
diversity of the material involved in this 
study afforded the possibility of com- 
parison of plants widely differing in both 


their ecological characters (e.g., the mode 
of pollen transfer) and their morphology 
(the structure and position of flowers 
as well as the type of their symmetry). 
Among the plants studied there are self- 
pollinators (T. aestivum, H. vulgare), 
anemophiles (£. arenarius), entomo- 
philes having no specific insect pollinators 
(A. nemorosa, F. collina, Papaver sp., 
C. bipinnata), entomophiles pollinated in 
their native habitats either now or in 
the past by butterflies (L. vtscaria, L. 
chalcedonica, M. silvestre, N. alata, Ph. 
divaricata) and, finally, plants having 
such specialized pollinators as bees and 
bumble-bees (G. pratense, Ch. angusti- 
folium, L. vulgaris, D. elatum, D. am- 
bigua, D. purpurea and T. majus). Our 
material includes plants with flowers 
having tubular parts (L. viscaria, L. 
chalcedonica, L. vulgaris, D. elatum, Ph. 
divaricata, T. majus), and plants with 
flowers completely transformed into a 
tube (D. ambigua, D. purpurea), as well 
as plants whose flowers are devoid of 
tubular parts (G. pratense, Ch. angusti- 
folium), all of them possessing special- 
ized pollinators. Plant species selected 
for this study vary also with respect to 


TABLE 4. Correlation coefficients between the dimensions of vegetative and reproductive 


parts in Delphinium elatum L. 


A B 
B 0.53+010 | 
G 0.67 + 0.08 0.59 + 0.09 
H 04524011 0.57 + 0.09 
kK 0.22 + 0.13 — 0.10 + 0.14 
M | 


0.16 + 0.13 — 0.10 + 0.14 — 0.13 + 0.14 — 0.08 + 0.14 


G H | K 
0.49 + 0.10 
0.12 +0.14 | — 0.03 +0.14 


0.40 + 0.12 
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Correlation coefficients between the dimensions of vegetative and reproductive 
parts in Triticum aestivum, variety diamant 


A* F G M lit Int 
F 0.73 + 0.05 
G 0.61 + 0.06 | 0.79 + 0.04 
M 0.60 + 0.06 | 0.69+ 0.05 | 0.51 + 0.07 
I, 0.57 + 0.07 | 0.70+0.05 | 0.54 + 0.07 | 0.69 + 0.05 
I; 0.67 + 0.06 | 0.69 + 0.05 | 0.59 + 0.07 | 0.71 + 0.05 | 0.87 + 0.02 
0.43 + 0.08 | 0.45 + 0.08 | 0.36 + 0.09 | 0.47 +0.08 | 0.61+0.06 | 0.58 + 0.07 


* Length of the upper internode. 
+ I,—length of lemma; I.—length of palea. 


the degree of oligomerization and _ fixa- 
tion of the number of parts of the flower 
and the perianth. 


RESULTS 


It has been established that, among 
the nineteen species studied, twelve spe- 
cies have correlation pleiades, involving 
dimensions of some parts investigated 
(L. viscaria, L. chalcedonica, sil- 
vestre, N. alata, Ph. divaricata, G. 
pratense, Ch. angustifolium, L. vulgaris, 
D. elatum, D. ambigua, D. purpurea and 
T. majus), while seven species have no 
correlation pleiades with respect to the 
dimensions of the analogous parts (T. 
aestivum, both varieties of H. vulgare, 
E. arenarius, A. nemorosa, F. collina, 
Papaver sp., and C. bipinnata). In the 
former twelve species the parts studied 
form two groups, within each of which 
all the dimensions are positively corre- 
lated with each other, while bearing no 


TABLE 6. 


or very little correlation with the dimen- 
sions recorded in the other group. Such 
grouping of characters indicates, follow- 
ing Terentjev, presence of correlation 
pleiades. 

In the latter seven species no correla- 
tion pleiades were observed. The di- 
mensions of all the parts investigated 
were closely intercorrelated, thus form- 
ing, as it were, a single correlation pleiad. 
Such a phenomenon is regarded as in- 
dicating absence of correlation pleiades, 
since only the absence of correlations be- 
tween the dimensions of certain groups 
of characters delimits the pleiades and 
thus makes it possible to distinguish be- 
tween the presence of correlation pleiades 
and the mere existence of correlations. 

Only representative data are given in 
the present article. The species with 
correlation pleiades are represented by 
Chamaenerium angustifolium (table 3) 
and Delphinium elatum (table 4), while 


Correlation coefficients between the dimensions of vegetative and reproductive 


parts in Hordeum vulgare, var. pallidum, Pushkinsky ozimyi, No. 1 


B 0.65 + 0.06 | 

F 0.38 + 0.09 | 0.56 + 0.07 | 

G | 0.37 + 0.09 | 0.58 + 0.06 | 0.93 + 0.01 

| 

M | 0.46 + 0.08 | 0.54 + 0.07 0.68 + 0.05 | 0.66 + 0.06 | 

I, | 0.38 + 0.09 | 0.43 + 0.08 | 0.60 + 0.06 | 0.58 + 0.06 | 0.52 + 0.07 

I, | 0.28 + 0.09 | 0.44 + 0.08 | 0.66 + 0.06 | 0.66 + 0.06 | 0.66 + 0.06 | 0.57 + 0.07 

i 0.34 + 0.09 | 0.47 + 0.08 | 0.59 + 0.06 | 0.62 + 0.06 | 0.50 + 0.08 | 0.52 + 0.07 | 0.58 + 0.06 


* Length of the upper internode. 
+ 1,—ength of lemma; I,—length of palea. 


| | 
| | 
| | 
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TABLE 7. Correlation coefficients between the di- 
mensions of vegetative and reproductive parts in 
Anemone nemorosa amd Geranium pratense 


Species A B 


Anemone nemorosa 0.75+0.05 
0.79+0.05 0.77+0.05 
Geranium pratense 0.71+0.06 
I 0.0140.13 —0.05+0.13 


the species having no pleiades are ex- 
emplified by Triticum aestivum (table 5) 
and Hordeum vulgare (table 6). Cor- 
relation coefficients between the dimen- 
sions of all the parts studied are shown 
for these four species. Correlations be- 
tween the dimensions of vegetative and 
reproductive organs are indicated within 
the frame, shown on the table; those 
between the dimensions of different 
vegetative parts are shown above the 
frame, and correlations between the di- 
mensions of different reproductive parts 
are to the right of the frame. As it may 
be seen from tables 3 and 4, in both 
Ch. angustifolium and D. elatum the 
dimensions of vegetative organs are 
closely correlated with one another, as 
are the dimensions of reproductive organs, 
but the correlation between dimensions 
of vegetative organs on the one hand 
and those of reproductive organs on the 
other hand is low or, in fact, in most 
cases, there is no correlation. As shown 
in tables 5 and 6 in wheat and barley 
all the dimensions studied are correlated. 
Correlation coefficients between the di- 
mensions of grains (denoted by L) and 
those of other parts of the organism are 
somewhat smaller than all other correla- 
tion coefficients. This might well be 
expected, the grain being essentially an 
organism of the next generation with a 
genotype of its own, and not a part of 
the parent organism. In wheat and in 
barley there are no correlation pleiades 
with respect to the characters studied. 
As shown by table 7, in Geranium 
pratense the size of the corolla is not 
correlated with the dimensions of the 


stem and leaf, whereas in Anemone ne- 
morosa such a correlation does exist. 

Thus, variation, or the existence of 
correlation pleiades, has been established. 
In all instances in which pleiades were 
present, it was the flower that had be- 
come independent of the correlations 
within the plant organism. 


DISCUSSION 


The next step of the analysis deals 
with the determination of the complex 
of associated traits which governs the 
presence or absence of correlation pleia- 
des. As shown in table 1, neither floral 
symmetry of the position of the flower 
on the plant have a bearing on whether 
pleiades are present or absent. But the 
method of pollen transfer is indeed linked 
with this factor. All plants with specific 
insect pollinators, be they butterflies or 
bees, have correlation pleiades. All plants 
lacking specific pollinators, be they self- 
pollinated, anemophiles or entomophiles 
without specialized insect pollinators, lack 
correlation pleiades. Presence of cor- 
relation pleiades involving the characters 
studied indicates a certain degree of in- 
dependence of the flower dimensions. 
The adaptive significance of this au- 
tonomy is perfectly evident. The di- 
mensions of the flowers of plants having 
specific insect pollinators are not only 
independent from the dimensions of the 
plant, but also, as it has been shown by 
our previous investigations (Berg, 1956, 
1958), they are more stable than the 
dimensions of stems, leaves and inflores- 
cences. Such stability of dimensions of 
zygomorphic flowers and their independ- 
ence from the variation of environmental 
conditions including organ interactions 
are the indispensable conditions of suc- 
cessful pollen transfer. All this refers in 
the first place to the dimensions of sta- 
men filaments and of the tubular parts 
of flowers. 

Some parts of the flower act as dis- 
tance and orienting signals for the pol- 
linating insect (laminal parts of the 
perianth), others help to deposit the pol- 
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len on some definite part of the pollinat- 
ing insect’s body (the tubular parts of 
the perianth and the stamen filaments). 
The strict localization of the deposition 
of the pollen on some definite part of the 
body of a specialized pollinating insect 
was already discovered by Darwin (1862) 
in Orchidaceae. Recently Shvanvich 
(1952, 1956) also observed it and studied 
it in detail in Papilionaceae. The struc- 
ture of some flowers, the pollen of which 
is transferred by specialized pollinating 
insects, is adapted for the precise deposi- 
tion of the pollen on a definite part of 
the body of the pollinating insect. 

Our investigation shows the remark- 
able stability and independence of the 
parts of the flowers specialized to de- 
posit the pollen on a definite point of 
the body of the pollinator. The biological 
function of the adaptations to localize the 
pollen deposit on some definite part of 
the body of the pollinating insect is prob- 
ably to reduce the wastage of the pollen. 
This is especially true if the pollen is 
deposited in a location of the insect’s 
body which is out of reach of its pollen- 
removing organs. Now, the precise 
localization of the pollen deposit is func- 
tionally effective only if the flowers of 
the species have all approximately equal 
dimensions. The size of every flower 
must, thus, be adapted not only to the 
dimensions of the specialized insect pol- 
linators, but the flowers of different in- 
dividuals in a cross-pollinating popula- 
tion must also be rather uniform. <A 
flower which locates its pollen on the 
insect’s body in a wrong way is likely to 
have no progeny. The existence of cor- 
relation pleiades with respect to the char- 
acters studied is thus inevitably con- 
comitant to the adaptations to localize 
the pollen deposit on some definite part 
of the body of the pollinating insect. The 
adaptations to localize the pollen deposit 
involve: the acquisition in the process 
of evolution of zygomorphic flower struc- 
ture reducing to the minimum the num- 
ber of possible positions on the flower 
of such a bilaterally symmetrical creature 
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as an insect pollinator; the development 
of tubular parts, reducing the arena 
where the critical events take place; the 
reduction in number (oligomerization) 
and the rigid fixation of the number of 
homologous parts; and, finally, lateral 
position of flowers on the plant, which 
even when radially-symmetrical, function 
as if bilaterally-symmetrical. Each of 
the twelve species possessing specific 
insect pollinators has at least one of these 
evolutionary adaptations (see table 1). 
The presence of correlation pleiades is 
thus associated with the mode of pollen 
transfer, involving specific insect pollin- 
ators, with adaptations to localize the 
pollen deposit on some definite part of 
the body of the pollinating insect, and 
with, at least, one of the structural 
features, providing for localization. The 
absence of correlation pleiades is as- 
sociated with absence of specific insect 
pollinators, as well as with absence of 
structural features providing for pollen 
localization. In this manner the nature 
of the complexes of regularly interde- 
pendent characters which involve pres- 
ence or absence of correlation pleiades 
can be said to have been established. 


GENERAL CONCLUSIONS 


What is then the mechanism of selec- 
tion, which leads to correlation pleiades 
involving reproductive and _ vegetative 
organs in entomophilous plants pollin- 
ated by a limited number of specialized 
insect species? In this particular instance 
this mechanism is perfectly obvious. The 
advantage of the independence of di- 
mensions of reproductive organs as well 
as the disadvantage of the dependent 
tvpe of their development are self-evident, 
the plants with dependent flowers being 
eliminated, since their pollen could not | 
be delivered to the stigma of another 
flower, while the plants exhibiting in- 
dependence had a much greater chance 
to leave progeny.  Pollinating insects 
were, then, selective agents for the di- 
mensions of the floral parts, and for their 
standardization, which removed these 
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parts from the developmental interrela- 
tions and created independent correlation 
pleiades for reproductive organs, as well 
as for vegetative parts of the same 
organism. Standardizing selection of 
dimensions can be accomplished only by 
insect species that have themselves uni- 
form dimensions, i.e., bees and bumble- 
bees whose development takes place in 
cells of standard size. Pollinating insects 
take no part whatever in the formation 
of flowers in the course of development. 
Their function is only to test fitness. The 
discrepancy between the factors par- 
ticipating in the formation of the char- 
acter and the selective forces determining 
its function is apparently a general eco- 
logical principle of making the dimensions 
of some parts independent of those of 
others, of some traits from others, that 
is, the general principle of the origin of 
correlation pleiades. 

In this instance, the accomplishment 
of a certain function requires the precise 
correspondence of dimensions in organ- 
isms incapable of exerting any direct in- 
fluence upon each other during their 
ontogeny. Such a situation is by no 
means unique. The biotic components 
of the environment taking no part what- 
ever in the development of the individuals 
of a certain species frequently are of 
decisive significance as selective agents 
within the species. This is just the case 
in the interrelation between predators and 
prey, males and females, the animals 
dispersing the seeds of plants and such 
plants themselves. It is the characters 
and the organs accomplishing the func- 
tion of communication with the biotic 
components of the environment that 
acquired independence from random en- 
vironmental variations and form correla- 
tion pleiades. These organs and char- 
acters, namely, flowers, fruit and seed 
coats and leaves involved in the process 
of reproduction in plants, the nervous 
system, sex organs, the digestive system, 
behavior associated with reproduction 
and social instincts in animals, and so 
forth, are the vast field, where the proc- 


esses of increased autonomy are likely 
to take place and where, consequently, 
correlation pleiades are to be sought. In 
all these instances the general principle 
underlying the origin of correlation 
pleiades is the discrepancy between the 
agencies participating in the formation 
of the character and the selective forces 
determining its function. 

As it has been shown in the frog, 
Rana ridibunda Pall., by Terentjev 
(1931), the dimensions of sense organs 
and of organs participating in reproduc- 
tion are characterized by the least de- 
pendence on the dimensions of the other 
parts of the organism. Bertalanffy and 
Pirozynski (1952) discovered the dis- 
proportionality of growth of brain and 
liver in rat embryos. The allometric 
growth of just these organs is in agree- 
ment with our hypothesis. 

The autonomy of vital processes of a 
given species is based on homeostatic 
mechanisms of cytological, developmental 
(ontogenetic) and populational levels. 
The significance of developmental and 
genetic homeostasis has been recently 
emphasized by Lerner (1954). The 
genotype as a whole is a homeostatic 
mechanism, acting on the cellular, de- 
velopmental and population levels of 
organization of the species. The heredi- 
tary factors play the role of stabilizers, 
heing present in the cells of the develop- 
ing organism. The origin of autonomy 
in the course of evolution is accompanied 
by the increase in the relative importance 
of internal factors of development, as 
compared to the external or environ- 
mental factors (Kamshilov, 1939, 1946; 
Schmalhausen, 1938, 1939, 1946). It 
should be clear that the dimensions of 
an autonomous flower are controlled by 
some factors, internally located, most 
probably by means of some intracellular 
mechanism. 

In our example, the increased signifi- 
cance of internal developmental factors 
is the result of the distinctness of the 
formative and the selective factors. In 
higher organisms formative and selective 
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factors rarely coincide. Suffice it to point 
at the alternation of generations. The 
formation of an organism proceeds under 
one set of external conditions; its life 
under another. Parents engender off- 
spring which are to live in conditions 
which cannot be identical with those in 
which they existed themselves, let alone, 
in conditions of their early ontogeny. 
Only in the course of ontogeny does the 
progeny begin to assume a resemblance 
to the parents. The organism thus does 
not inherit from its parents its traits 
and characteristics but simply an ar- 
rangement which contains in coded form 
a program for development. The totality 
of hereditary potentialities ensures a 
certain autonomy of the vital processes 
vis-a-vis the factors of the environment. 
The programming of development is of 
significance only in forms which have 
alternation of generations, individual de- 
velopment or both. The whole sense of 
the hereditary code lies in the discrepancy 
between the formative and the selective 
factors. This discrepancy is thus re- 
sponsible for the initiation of all kinds 
of autonomy and of all the mechanisms 
ensuring independence, including the 
origin of the coding itself. 

What then is the practical significance 
of the general ecological principle under- 
lving the origin of correlation pleiades? 
The answer is that this principle gives 
us assurance that the selection of stabi- 
lized states of any character, the kind of 
selection that has been accomplished by 
insect pollinators with respect to flower 
dimensions, can be an effective means for 
breaking undesirable correlations and 
therefore for the creation of the required 
stabilized state of a given character in- 
dependent from the fluctuations of en- 
vironmental factors. 


SUMMARY 


The phenomenon of correlation ple- 
iades, i.e., the presence of correlations 
between some quantitative characteristics 
of certain parts of an organism and at the 
same time by the absence of correlations 
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between these and the other parts demon- 
strates the independence of certain de- 
velopmental processes with respect to 
other processes within the organism. The 
study of correlation sets makes it possible 
to establish the degree of such indepen- 
dence. The adoption of a quantitative 
criterion provides an adequate basis for 
the comparative method in the study of 
stabilizing selection. 

Nineteen species of herbaceous plants 
have been studied in order to determine 
the variability in the degree of dependence 
between the dimensions of different parts 
of an organism. It has been established 
that twelve species have correlation ple- 
iades, while seven species have no cor- 
relation pleiades with respect to the di- 
mensions of analogous parts. In all the 
instances of existence of pleiades it was 
the flower that had become free of the 
correlation interdependences within the 
plant organism. Existence of correlation 
pleiades is associated with the mode of 
pollen transfer, involving the presence of 
specific insect pollinators, with adapta- 
tions to localize the pollen deposit on 
some definite part of the body of the 
pollinating insect, and with at least one 
of the structural features providing for 
such localization (zygomorphism, pres- 
ence of tubular parts, lateral position of 
flowers, oligomerization and a rigid fixa- 
tion of the number of homologous parts 
of a flower). 

Insects were the selective factor stabi- 
lizing the dimensions of those parts of 
flowers which participate in the process 
of the precise localization of pollen on 
the insect body. Stabilizing selection of 
flower dimensions created correlation 
pleiades for reproductive organs, as well 
as for vegetative parts of the same organ- 
ism. The general principle underlying 
the origin of developmental homeostasis 
in the process of evolution is the dis- 
crepancy between the agencies participat- 
ing in the formation of the character and 
the selective forces determining its func- 
tion. The same principle is responsible 
for the origin of correlation pleiades. 
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INTRODUCTION 


Hybridization between the Gulf Coast 
toad, Bufo valliceps Wiegmann, and 
Fowler’s toad, Bufo fowleri Hinckley, 
is unproductive (Volpe, 1956). Fy, hy- 
brids derived from the cross, valliceps 
2 x fowleri g, cytolyse in the gastrula 
stage of embryonic development. In 
contradistinction, the majority of the hy- 
brids from the reciprocal cross, fowlert 
2 x valliceps g, are viable, but all are 
sterile and of only one sex (male). The 
sterility of the adult hybrid is due to the 
rudimentary condition of the testes; sper- 
matogonia are present but spermatocytes 
are invariably lacking. 

Since the interspecific hybrids are 
either inviable or sterile males, one might 
assume that the evolutionary effects are 
insignificant. However, a relatively large 
number of natural hybrids are found in 
localities in eastern Louisiana where the 
ranges of the two species overlap (Volpe, 
1956, 1957). There is no evidence that 
the reproductively ill-adapted male hy- 
brids are subject to adverse selection. 
The testicular irregularities of the hy- 
brids stand in sharp contrast to the 
normality of the soma. Indeed, as shown 
in the present report, the hybrids appear 
to be equal, if not superior, in somatic 
vigor to individuals of either parental 
species. 

The hybrids, although sterile, are 
active participants in mixed breeding 
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congregations. They engage in amplexus 
with females of each species, although 
more often with fowleri females, and are 
capable of causing the females to ex- 
trude their eggs. Evidently, the mis- 
clasped females’ contribution to the gene 
pool of the next generation is nil. Data 
are presented herein which suggest that 
the hybrids are affecting significantly, 
although not necessarily in a detrimental 
way, the genetic variability of one of 
the recurrent species, fowleri. 


BACKGROUND OF THE PROBLEM 


It is not uncommon to encounter 
mixed breeding aggregations of B. val- 
liceps and B. fowleri in the coastal plains 
of Louisiana, where the two species are 
sympatric. Orton (1951) and Liner 
(1954) have observed interspecific mat- 
ings at different localities in southeastern 
Louisiana. Mis-mated pairs have been 
noted by the writer at a local site, 
Audubon Park, adjacent to the Tulane 
University campus. The water table in 
the open and grassy portions of the park 
remains near the soil surface throughout 
the year. The soft wet surface is inun- 
dated by heavy rains. In the northern 
part of the park, large congregations of 
toads occur periodically in shallow, rain- 
flooded ditches, lined by grasses and 
thickened by dense tufts of sedges and 
rushes. 

The accessibility of the natural hybrid 
population facilitated a combined field 
and laboratory study, initiated in 1954. 
Laboratory crosses were performed to 
ascertain the extent to which interspecific 
hybridization is possible (Volpe, 1956). 
As stated in the introduction, the only 
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Fic. 1. Comparative rates of development under uniform conditions. 


viable hybrids are sterile males from the 
cross, fowlert X valliceps The F, 
hybrid toads possess cranial crests char- 
acteristic of the valliceps parent, a modi- 
fied form of dorsal spotting inherited 
from the fowlert parent, and a unique 
reticulated pattern of pigment on the 
ventral surface, which is not found in 
either parental species. The artificial 
production of hybrids permitted an un- 
equivocal identification of F, hybrids in 
nature. 

The F, hybrid tadpoles can also be 
distinguished on a morphological basis, 
thus furnishing an excellent means of 
testing the relative growth and survival 
of hybrid and non-hybrid larvae. The F, 
hybrid larvae are characterized by a 
fowleri-like pigmentary pattern on the tail 
musculature and a valliceps-like distribu- 
tion of melanophores on the tail fins. 

The precise knowledge of the larval 


and adult features of the constituent 
individuals of the local hybrid population 
provided the foundation for an elaborate 
series of studies, reported here, on the 
fate of the hybrids and the net effect 
of hybridization on the population struc- 
ture of each parental species. 


Hyprip VIGOR 


Comparative rates of development 
under uniform laboratory conditions. 
Heterosis is suggested by the observation 
that the hybrid larvae are larger and 
transform earlier than larvae of either 
parental species. The three kinds of 
larvae (valliceps, fowleri, and F, hybrid) 
were reared under uniform, controlled 
conditions so that differences in growth 
rates and size could be ascribed to dif- 
ferences in genetic constitutions. The 
technique described in detail by Lim- 
baugh and Volpe (1957) was employed. 
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Briefly, a total of 75 larvae or 25 from 
each of three crosses conducted simul- 
taneously (valliceps valliceps 
fowleri 2 X fowleri and fowleri x 
valliceps 3) were isolated in separate 
covered enamel pans containing pond 
water. The 75 pans were kept in 
“Precision Scientific’ constant tempera- 
ture units set at 25° C. The pond water in 
the individual pans was changed daily, 
the water having been brought to 25° C, 
prior to the change. Each larva was 
provided with more food (standard diet 
of boiled spinach) than could be utilized 
ina day. Size determinations were made 
at specific intervals by anesthetizing each 
larva with “M.S.222” (Sandoz Chemical 
Company, New York City) and measur- 
ing the distance between the snout and 
the tip of the tail to the nearest 0.01 mm 
with a Filar micrometer eyepiece in- 
serted into a stereoscopic microscope. 

The lengths of the 75 larvae (25 
valliceps, 25 fowleri, and 25 F, hybrids) 
were measured and recorded at ages of 
120, 240, 360, and 450 hours after fertil- 
ization. The results are presented in 
figure 1 in the form of frequency poly- 
gons. The abscissa represents the lengths 
of the larvae in millimeters; the ordinate, 
the percentages of larvae in the various 
size classes. 

At 120 hours, the larval mouthparts 
were differentiated, feeding activity had 
commenced, and the hind limb rudiment 
was a small, undifferentiated bud (stage 
26, defined in Limbaugh and Volpe, 
1957). During this early larval period, 
the tadpoles were not distinguishable 
from each other on the basis of size. 
The dimensions of the hybrid larvae and 
of the parental larvae were approximately 
alike (upper left hand graph in fig. 1). 
The average length of fowlert larvae was 
8.07 mm=+ 0.10 (mean + standard er- 
ror); valliceps, 8.16 mm+0.09; and 
F, hybrid, 8.19 mm + 0.11. 

At the age of 240 hours, the growth of 
the hybrid larvae was clearly more ad- 
vanced than that of each parental type. 
The hybrid larvae averaged 13.03 mm 


+0.24 (mean =+standard error); val- 
liceps, 12.29 mm+0.25; and fowleri, 
11.54 mm +0.23. The differences in 
lengths between the three groups are 
regarded as significant. The difference 
in mean values between the hybrid and 
valliceps larvae is twice as large as 
the standard error of the difference 
(0.74/0.35 = 2.1); the difference in the 
means between valliceps and fowleri is 
also twice as large as its standard error 
(0.75/0.34 = 2.2). Differences of this 
kind might arise by chance in 3.57 and 
2.78 per cent, respectively, of similar 
comparisons. The accelerated growth of 
the hybrid larvae was also evident at 
subsequent ages (fig. 1). At 360 and 
450 hours, statistically reliable differences 
exist between the three groups, com- 
parable in magnitude to the differences 
at 240 hours. The smallest larvae were 
invariably those of fowlert. 

Repeated observations were made as 
the larvae approached metamorphosis, in 
order to determine accurately the times 
at which the larvae completed trans- 
formation into juvenile toads. As shown 
in figure 1 (lower right hand graph), 
the hybrids transformed into young 
toads earliest, and, as expected, were 
largest in body size (snout-to-vent 
length). The rapid hybrid growth is 
exemplified by the following calculation 
based on the data graphically repre- 
sented. At the time (596 hours) that 
81 per cent of the hybrid larvae had 
completed transformation, only 19 per 
cent of the walliceps larvae and none of 
the fowlert larvae had undergone meta- 
morphosis. Considering body lengths at 
metamorphosis, the juvenile hybrids 
(mean + standard error: 10.51 mm 
+ 0.08) differ significantly in size from 
those of valliceps (9.82 mm + 0.10) and 
of fowlert (9.57 mm + 0.09). The latter 
two are not significantly different from 
each other (P = 0.06). 

Comparative rates of development 
under competitive conditions in the lab- 
oratory and in the field. Five attempts 
were made to compare the growth rates 
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EXPERIMENT II 
laboratory 


Length (mm.) 


Fic. 2. Comparative rates of development under competitive conditions in the laboratory 
and in the field (two experiments). In each experiment, larvae were measured and identified 


10 days after fertilization. 


of the three kinds of larvae (valliceps, 
fowleri, and F, hybrid) in crowded cul- 
ture conditions in the laboratory and in 
a confined area in the natural habitat at 
Aububon Park. Embryos were intro- 
duced into a small ditch in a relatively 
undisturbed area in the park. Only two 
of the five trials were successful. On 
one occasion, the temporary water in the 
ditch evaporated ; on two other occasions, 
the ground surface adjacent to the ditch 
became flooded by heavy rainfall, pro- 
viding (presumably) avenues of dispersal 
for the tadpoles. 

In the first of the successful trials, the 
lengths of 45 larvae (15 valliceps, 15 
fowleri, 15 F, hybrid) were measured 
120 hours after fertilization. The average 
dimensions of the three kinds of larvae 
at 120 hours did not differ significantly 
from each other, verifying the results 
of the experiment described in the pre- 
ceding section. These 45 larvae were 
then distributed. Fifteen larvae (5 
valliceps, 5 fowleri, 5 F, hybrids) were 
reared together at room temperature in 
pond water in 12 by 8 by 2-inch white 
enamel pans. The remaining thirty 
larvae, ten of each kind, were transferred 
to the ditch at Audubon Park. Five days 


later, the larvae in the enamel pans as 
well as those recovered from nature 
were measured, preserved, and identified. 
As mentioned earlier, the larvae are 
readily identifiable on the basis of pig- 
mentary differences. 

The second successful experiment was 
identical to the first, except that the 
competitive conditions were made more 
stringent—24 larvae (8 of each kind) 
were reared in the laboratory in a single 
enamel pan and 48 (16 of each kind) 
were placed in the natural habitat. The 
results of both experiments are shown in 
histogram form in figure 2. 

The laboratory-reared larvae varied 
considerably in size, particularly under 
the more adverse conditions of the second 
experiment. Undoubtedly, many tadpoles 
failed to obtain sufficient food in com- 
petition with others. The rapid growth 
rate of the F, hybrid larvae witnessed in 
isolated cultures is not particularly 
marked under competitive conditions. 
The larger-sized larvae included both 
valliceps and F, hybrids. The fowler 
larvae exhibited delayed growth. 

The most striking aspect of the larvae 
recovered from nature was the narrow 
range of variation of sizes of the larvae. 
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This finding is interpretable in two dif- 
ferent ways. It may be that the growth 
rates are simply more uniform in nature 
than under laboratory conditions, not- 
withstanding the more constant environ- 
ment in the laboratory. Alternatively, 
the growth rates may be comparable 
under both sets of conditions, in which 
case the apparent reduction in variability 
in nature may reflect differential selection 
against the smaller-sized larvae (and 
possibly the larger-sized larvae!). In 
other words, the extreme variants, de- 
parting far from the “average” growth 
rate, were eliminated. This may, in part, 
explain the predominance of valliceps 
larvae. The growth rate of valliceps is 
intermediate between those of fowleri 
and the F, hybrid, and may be optimum 
for the prevailing environmental condi- 
tions. Of the 16 recovered in the first 
experiment, 7 were valliceps, 5 were F, 
hybrids, and 4 were fowleri. Of the 19 
recovered in the second experiment, 9 
were valliceps, 6 were F, hybrids, and 4 
were fowleri. 

Whatever may be the factors responsi- 
ble for the decreased variability in nature, 
it is apparent that the F, hybrid larvae 
can maintain themselves in considerable 
numbers in competition with valliceps 
larvae and that the fowdleri larvae are 
adversely affected by the presence of 
both walliceps and F, hybrid larvae. 


THE NATURAL HypripD POPULATION 


Frequency of mis-mating. The breed- 
ing site at Audubon Park was surveyed 
systematically for three successive years, 
1956-1958. There is no sharply de- 
lineated breeding season, but rather 
several rain-induced breeding periods. 
Commencing in late March, extensive 
choruses may be heard virtually any 
evening following approximately an inch 
of rainfall. Mixed congregations of 
valliceps and fowleri occur from late 
March to early June. B. fowleri is 
most active in late March and April, 
less conspicuous in May and June, and 
absent from breeding choruses in July 


and August. B. valliceps is not only as 
active as fowler: during the early spring, 
but continues its breeding activity with 
a high degree of intensity into July and 
August. F, hybrids emerge early in the 
season; no hybrid has been found dur- 
ing the summer months. Hence, breed- 
ing congregations consist either of in- 
dividuals of the two species and their 
hybrids or only of valliceps. 

On 20 evenings following heavy rain- 
fall during the three-year study period, 
counts were made of the number and 
types of toads participating in the breed- 
ing congresses, the number of normal 
matings, and the number of mis-matings. 
Observations were made between 8:00 
p.M. and 10:00 p.m. of each evening. The 
data are recorded in table 1. B. valliceps 
invariably comprised the bulk of the 
breeding population, typically outnum- 
bering fowlert by 3:1. In most in- 
stances, F, hybrids were found. Very 
rarely was a female in the pool en- 
countered without a mate. 

The figures presented in the following 
discussion of the data pertain to the 
“grand total’’ (see table 1) for the three- 
year period. In terms of actual numbers, 
more vwalliceps females were mis-clasped 
by fowlert males than reciprocally. How- 
ever, in terms of percentages, only 6.5 
per cent of the valliceps females were 
mis-mated by fowlert males, whereas 15.2 
per cent of the fow/ert females were mis- 
clasped by valliceps males. The F, hy- 
brids displayed a propensity for fowleri 
females. Seven, or 15.2 per cent, of the 
fowlert females were embraced by F, 
hybrids; only one, or 0.5 per cent, of 
the valliceps females was mated by an F, 
hybrid. In essence, only 69.6 per cent 
of the fowlert females were mated by 
members of their own species, in sharp 
contrast to the 92.9 per cent of valliceps 
females that were normally mated. The 
27 mis-clasped pairs (interspecific and 
F, crosses) represent 11.7 per cent of 
the total number of clasping pairs re- 
corded. 

The F, hybrids constitute 1.7 per 
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cent of the total population. The vigor 
of the F, hybrid is reflected in the 
high number that succeeded in finding a 
mate. Seventeen per cent of the F, hy- 
brids were found in amplexus with fe- 
males of both species, although, as in- 
dicated above, much more often with 
fowleri females. The figure gains signi- 
ficance when one considers that 8.5 per 
cent of the valliceps males found normal 
mates and only 6.2 per cent of the fow/leri 
males located females of their own kind. 


Recoveries of marked individuals. 
Certain individuals in the natural popu- 
lation were marked for future recogni- 
tion. Males and females engaged in 
amplexus and F, hybrids were marked 
on 13 observation nights in 1956 and 
1957 by the toe clipping method described 
by Martof (1953). The mated pairs 
and F, hybrids were captured by hand, 
particular digits were cut with cuticle 
scissors, and the individuals involved 
were released at the capture site. Dur- 


TaBLE 1. Number and mating activity of toads in the hybrid population at Audubon Park, New 
Orleans. The counts represent the number and sex of B. valliceps, B. fowleri, and F, hybrids observed, 
and the number of normal matings and mis-matings recorded on 20 evenings during the three-year perod, 
1956-1958. The two numbers in parentheses below each collection date are the total inches of rainfall 


and the air temperature (°F) at the breeding site at 8:00 p.m., respectively 


Matings of Matings of 
fowlert 2 9 valliceps 2 2 
Adult 
Adult fowler Adult valliceps F, x x x 
hybrids fow. val. hyb. val. fow.  hyb. 
1956 

April 9 21 2 58 4 4 _ a 3 ce ae 
(1.79)(68°) 
April 24 46 5 152 14 3 3 1 1 12 2 0 
(1.30)(63°) 
May 2 39 3 142 18 2 2 1 0 17 1 0 
(1.19)(70°) 
May 5 22 2 84 5 1 2 0 0 5 0 0 
(0.94)(72°) 
May 23 10 1 67 6 0 1 0 0 6 0 0 
(0.87)(79°) 
May 26 8 1 108 8 1 0 1 0 8 0 0 
(2.43)(76°) 

Totals 146 14 611 55 11 9 3 2 51 + 0 

1957 

March 21 28 4 65 6 2 3 1 0 6 0 0 
(1.46)(66°) 
March 31 42 4 176 16 5 3 0 1 14 2 0 
(2.86)(64°) 
April 4 25 3 194 12 5 1 1 1 11 2 
( +.98)(63°) 
April 11 39 2 87 10 2 2 0 0 9 0 1 
(1.03)(61°) 
April 17 32 , 112 10 2 1 0 1 9 1 0 
(1.76)(68°) 
April 30 13 1 60 8 1 _ 8 0 0 
(1.00)(70°) 
May 2 12 1 54 5 0 1 0 0 5 0 0 
(0.72)(70°) 

Totals 191 17 748 67 17 12 2 3 62 4 1 
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TABLE 1—Continued 


Matings of Matings of 
ants fowleri 2 Q valliceps Q 
Adult fowler Adult valliceps Fi x x x x x x 
hybrids Sow. val. hyb. val. fow. hyb. 
1958 
April 9 41 3 96 7 4 a eee 
(1.14)(61°) 
April 14 35 + 102 7 3 3 1 0 6 1 0 
(1.20)(62°) 
May 10 43 6 139 21 5 a 1 1 19 2 0 
(2.10)(67°) 
May 11 29 1 67 5 1 1 0 0 5 0 0 
(1.00)(75°) 
May 18 20 1 108 10 5 1 0 0 10 1 0 
(1.28)(73°) 
June 6 11 0 92 7 1 0 0 0 7 0 0 
(0.83) (86°) 
June 15 3 0 67 6 0 0 0 0 6 0 0 
(0.99) (84°) 
Totals 182 15 671 63 19 11 2 2 59 + 0 
Grand total 519 46 2,030 185 47 32 7 7 172 12 1 


ing the handling of the mated pairs, the 
males clung tenaciously to their partners. 

The purpose of this study was to as- 
certain, firstly, whether F, hybrids sur- 
vived from one year to the next, and, 
secondly, whether females mis-mated in 
one year would be, if recaptured in sub- 
sequent years, mis-mated again. The 
data are summarized in table 2. 

More than half of the F, hybrids 
captured and marked in any one year 
were recovered the subsequent year, and 
one-third of the hybrids marked in one 
year were recaptured two years following. 
Two of the six hybrids that had clasped 
females in 1956 and 1957 were sub- 
sequently recovered, but both were un- 
mated when recaptured. One unmated 
hybrid marked in 1957 was found in 
amplexus with a fowdleri female in 1958. 

Only four per cent of the valliceps fe- 
males that had been mated in 1956 were 
recaptured in amplexus in 1957. Of the 
mated females marked in 1957, a com- 
parably small number (five per cent) 
was recaptured in 1958. Moreover, very 


few valliceps males that had successfully 
bred in one season were found in am- 
plexus again in the subsequent season. 
None of the recovered vwalliceps indi- 
viduals was mis-mated. 

The reappearance of marked fowleri 
females contrasted sharply with the rare 
recurrences of marked valliceps females. 
Evidently, there is considerably less turn- 
over of individuals in the fowleri popula- 
tion than in the walliceps population. Of 
the 11 fowleri females captured and 
marked in 1956, six had been mated 
normally and five had been mis-mated. 
Four of these 11 females were recovered 
in 1957, and all four were clasped by 
males of their kind. Interestingly, the 
four re-mated fowlerit females were of 
the group that had not been mis-mated 
the previous season (1956). The prob- 
ability of recovering only females that 
had been previously mated normally is 
(6/11)* or 1 in 11. The odds against a 
chance occurrence are increased by the 
subsequent finding that two of the four 
normally-mated females were recaptured 
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TABLE 2. Recoveries of marked toads in the 
hybrid population at Audubon Park, New Orleans. 
The number of F, hybrids and mated individuals of 
B. valliceps and B. fowleri originally marked in 
1956 and 1957 are given in the first column; the 
number of each kind recaptured in subsequent years 
is indicated in the second and third columns 


Recoveries 
1957 1958 

* F, hybrids 
1956: 5 3 
1957: 11 — 6 

* B. valliceps 
1956: 519299 2 0 
3 1 
1957: 62 299 — 3 
59 — 2 

* B. fowleri 

1956: 112° 4 2 
2 0 
1957: 12 9@ — 3 
ladda — 2 


* The fewer numbers of breeding individuals 
marked than observed (see table 1) is due to the 
removal from the natural population of several 
F, hybrids and mated pairs of each species for 
experimental purposes (laboratory crosses and 
analyses of gonads). 


in 1958, and, once again, in amplexus 


with fowlert males. 


The situation was quite similar for 
females marked in 1957 and recovered 
in 1958. Of the seven fowleri females 
with normal mates that were marked in 
1957, three were found in 1958 with 
fowleri male partners. None of the five 
mis-mated fowlert females marked in 
1957 was recaptured in 1958. In this 
circumstance, the probability of recover- 
ing only normally-mated females is 
(7/12)* or 1 chance out of 5. 

The lack of recovery of mis-mated 
fowleri females in two successive years 
is striking, and, compounding the indi- 
vidual probabilities (1/11 x 1/5 = 1/55), 
is not likely to be due to chance alone. 
The fate of the mis-mated females is 
speculative. What has been demon- 
strated is that those females that accept 


a foreign male in one year are not found 
in amplexus in subsequent years. These 
females may still be in the population, 
but in terms of contributing to the gene 
pool of subsequent generations, they have 
been effectively eliminated. 

Counts of egg strands and their signifi- 
cance. The numerical picture of the 
population presented above is at best a 
crude representation of the structure of 
the hybrid population. The census of 
mated pairs taken any given evening 
during a two-hour period is obviously 
not a true valuation of the number of 
matings that actually occurred during an 
evening of breeding. This was revealed 
vividly by counts of egg strands noted 
in the breeding habitat the day following 
the evening activity. The eggs of a 
single female, each approximately 1 mm 
in diameter, are laid in two strands, like 
two strings of beads. Unless there has 
been considerable breeding activity, the 
double egg strands of different matings 
can be distinguished from one another. 
If undisturbed, a female will deposit: all 
her eggs in a narrowly circumscribed 
area. The least amount of disturbance 
of the habitat is obviously to be found in 
the first evening of breeding activity of 
the season. Consequently, the collecting 
phase of this particular study was under- 
taken the afternoon following the first 
period of breeding in each of three 
seasons, namely, April 10, 1956, March 
22, 1957, and April 10, 1958. The 
uniqueness of the laboratory phase of this 
study is that an examination of the em- 
bryos derived from a given double egg 
strand leads to a positive identification of 
the parents. 

On each of the three aforementioned 
dates, approximately 25 eggs were re- 
moved from each double egg strand 
found in the breeding area. Each sample 
of eggs was placed in pond water in a 
white enamel pan. Thirteen samples 
were obtained on April 10, 1956; fifteen 
on March 22, 1957; and thirteen on 
April 10, 1958. The outcome of all pos- 
sible combinations of crosses is shown in 
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figure 3. If the eggs are unfertilized, 
then a valliceps or fowleri female has 
been mis-clasped by an F, hybrid; if 
the eggs develop into abnormal gastrulae 
with extruding yolk plugs, then a val- 
liceps 2 has been mis-mated by a fowleri 
do; and, if the eggs develop into func- 
tional larvae, then either of three crosses 
has occurred (valliceps 2 Xx valliceps 2, 
fowlert 2 X fowleri or fowleri 2 x 
valliceps 2). The larvae resulting from 
the latter three crosses are readily dis- 


Cross 


valliceps 9 
x 
valliceps of 


fowlers g 
valliceps of 


fowleri ¢ 
fowleri 


valliceps g 
fowleri of 
valliceps or 


fowlert 
x 
F, hybrid 
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tinguishable, as illustrated in figure 3 and 
described in detail in Volpe, 1956. 

The results of the study are also 
tabulated in figure 3. Whereas only three 
mated pairs of valliceps were recorded 
on the evening of April 9, 1956, the 
examination of larvae that developed 
from eggs sampled the following after- 
noon revealed that 8 valliceps matings 
had actually occurred. Likewise, as 
judged by the egg samples, one ad- 
ditional fowleri mating had taken place 


Number of Matings 
April 9 March 21 April 9 


1956 1957 1958 
8 10 10 
0 1 0 
2 4 
2 0 0 

1 0 1 


Fic. 3. The outcome of all possible combinations of crosses involving B. valliceps, B. fowleri, 
and F, hybrids is illustrated. The numerals refer to the number of matings that occurred in 
three evenings of breeding activity as revealed by the rearing and identification of embryos 
that developed from egg strings taken from the natural hybrid population (Audubon Park, 
New Orleans) the afternoon following the evening of breeding activity. 
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and one additional mis-mating (walliceps 
2 xX fowleri J) had occurred during the 
evening of April 9, 1956. The one F, 
hybrid mating (fowleri 9 x F, hybrid) 
recorded during this evening was re- 
vealed by a single group of unfertilized 
eggs among the 15 samples. 

The examination of embryos derived 
from eggs sampled on the afternoons of 
March 22, 1957 and April 10, 1958, 
disclosed essentially the same situation. 
Approximately twice as many valliceps 
matings had occurred than were recorded 
during the previous evenings of breeding 
activity and an additional fowleri mating 
had taken place, but no other mis-matings 
had occurred. Those mis-matings ob- 
served during the respective two even- 
ings were detected in the egg samples. 

The additional matings uncovered in 
this study may be expressed in terms of 
average increments. Roughly, 2.0 times 
as many valliceps matings probably had 
occurred each evening than were recorded 
by the census taken during a limited 
period of observation; 1.5 (a conservative 
figure) times as many fowleri matings 
probably had taken place; and 1.1 times 
as many mis-matings (interspecific and 
F, crosses) probably occurred. 
Based on these average increments, a 
better estimate of the total number of 
mated pairs during the three-year period 
would be 344 valliceps matings, 48 fowleri 
matings, and 30 mis-matings (compare 
with figures under “grand total’’ in table 
1). Thus, instead of the mis-clasped 
pairs representing 11.7 per cent of the 
total number of clasping pairs (as cal- 
culated from total counts, table 1), the 
revised figure would be 7.1 per cent. 
This still represents a high frequency of 
mis-matings in a natural population ! 


DISCUSSION 


The sterile condition of the F, hybrid 
male, the only viable offspring resulting 
from interspecific crosses between B. 
fowlert and B. valliceps, is not a sign of 
a general weakness. On the contrary, the 
present data reveal that the hybrid is 


equal, if not superior, in somatic vigor to 
either parental form. Heterosis is indi- 
cated by the rapid growth rate and large 
size of the F, hybrid larvae. In isolated 
cultures, the hybrid larvae develop faster 
and metamorphose earlier and at a larger 
size than those of either parental species. 
Under competitive conditions in mixed 
cultures, both in the laboratory and in 
nature, the accelerated growth of the hy- 
brid larvae is not as pronounced, but the 
hybrid larvae do compete successfully 
with both parental larvae. 

In the natural hybrid population studied 
for a three-year period, the majority of 
the adult hybrids captured and marked in 
any one season have been recovered the 
subsequent season, and several have been 
recaptured two seasons following. Un- 
marked hybrids have been collected each 
season, either constituting new arrivals or 
individuals that had escaped detection in 
the previous season. It seems unlikely 
that the hybrids survive by sheer chance. 
Their reappearance year after year 
probably reflects their sturdy nature.” 
Although sterile, the hybrids are very 
active in breeding congregations and do 
mate with females of either parental 
species, although more often with fowdleri 
females. 

Hybridization between the parental 
tvpes results in a complete wastage of 
reproductive energy, and it is now evident 
that the sterile, but vigorous, F, hybrids 
are causing further losses of gametes from 
the gene pools of the parental species. To 
what extent has this ill-fated sequence of 
hybrid events affected the population 
characteristics of each species? The con- 
tention is held that only the fowdleri 
segment of the hybrid population 1s being 
significantly affected. The lines of reas- 
oning are developed below. 


*In Texas populations, as demonstrated by 
Thornton (1955), B. valliceps hybrid'zes with 
B. woodhousei, a species closely related to B. 
fowlert. The woodhousei-valliceps hybrids ap- 
pear also to be sturdy. Data by W. F. Blair 
(1956) indicate that the survival in nature of 
the woodhousei-valliceps hybrids is at least 
equal to that of the parental walliceps. 
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It should be first appreciated that 
B. valliceps is better adapted to the Gulf 
Coast environs than is B.  fowleri. 
B. valliceps, a neotropical species, is the 
dominant toad in the “deltaic plain unit” 
and the “Mississippi River alluvial plain 
unit” of Louisiana, physiographic di- 
visions characterized by marsh lands as 
described by Holland (1944). This toad 
breeds in temporary bodies of water, such 
as roadside puddles, irrigation ditches, 
and rain-flooded meadows. The larvae 
possess a rate of development that is cor- 
related with the limited period of time 
available for growth in temporary pools. 
Interpreting the results of the present in- 
vestigation, the growth rate approaches 
the optimum for the prevailing environ- 
mental conditions. 

B. fowleri is widely distributed in the 
eastern half of the United States. The 
Louisiana populations of this species lie 
at the periphery of the distributional 
range. In the deltaic regions of Louisi- 
ana, B. fowleri is far less abundant than 
the Gulf Coast toad, which reflects in part 
the unsuitability of breeding habitats. 
Members of this species ordinarily exhibit 
a preference for permanent breeding sites, 
such as stream borders and pond margins. 
The dearth of natural ponds in the Gulf 
Coast area has prohibited successful colo- 
nization of the area by this species. The 
development of certain adaptations to the 
local conditions has apparently not oc- 
curred, as witnessed by the slow rate of 
larval development. As suggested by the 
competition studies, there is selection 
against the slower-growing, smaller-sized 
fowlert larvae in nature. 

B. valliceps invariably predominates in 
mixed breeding choruses, as in the hybrid 
population extensively studied at Audu- 
bon Park, New Orleans. The valliceps 
segment of the total population of toads 
is extremely large. There is, as disclosed 
by marking experiments, a rapid popula- 
tion turnover in a one-year period.  In- 
dividuals that have mated in one season 
have rarely been recovered in the sub- 
sequent season. Females of this species 
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have no difficulty in finding mates of their 
kind. Mis-matings by fowleri males or 
F, hybrids do occur, but it is doubtful if 
the consequent loss of gametes has im- 
paired seriously the overall fitness of the 
valliceps assemblage. The gametic loss 
through hybridization is essentially ab- 
sorbed by the reproductive potential of the 
large number of individuals. Moreover, 
mixed breeding choruses are present only 
from April to June. In July and August, 
valliceps continues its breeding activity 
with a high degree of intensity in the 
absence of fowleri and F, hybrid indi- 
viduals. The valliceps gene pool, if 
drained earlier to any appreciable amount, 
is certainly replenished later in the season. 

On the other hand, fowlert choruses in 
the Audubon population are always con- 
taminated by valliceps individuals and 
F, hybrids. The fowlert segment of the 
population is maintained by a_ small 
number of individuals. Since it appears 
that only a few fowleri females perpetuate 
the stock each year, it is obviously im- 
portant to the survival of the species that 
the females find their proper mates. How- 
ever, valliceps males outnumber fowleri 
males by at least three to one, and quite 
often, the fowleri females are mis-mated 
by either valliceps males or F, hybrids. 
If the high frequency of mis-matings is 
continued unchecked, then an extreme 
diminution of the fowlert population 
should be witnessed. However, it ap- 
pears that fowlert individuals can main- 
tain themselves, even if only in small 
numbers, at least during the three-year 
period studied. 

A re-check of the population ten or 
twenty years hence will obviously provide 
greater insight into the evolutionary dy- 
namics of the population. However, the 
present three-year study permits certain 
conjectures. 

It may be that the population size of 
fowlert remains fairly constant from year 
to year. Several factors may operate to 
maintain a limited population size. As 
the population density rises, individuals 
compete more intensely for means of sub- 
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sistence and mates. The activity of 
predators and parasites is also intensified. 
Finally, mis-matings occur, which, 
through inviability and sterility of the 
offspring, sharply curtail the tendency 
toward increase in numbers. In essence, 
only a limited number of females can 
successfully reproduce annually. Viewed 
in this light, interspecific matings con- 
stitute a very effective control of popula- 
tion size. 

-Examined from another point of view, 
extensive hybridization may be leading to 
a reconstruction of the gene pool of 
fowleri, resulting in a species genotype of 
a higher adaptive value. It is noteworthy 
that the fowleri females that have been 
recovered in subsequent years were those 
that had not been mis-mated the previous 
vear. The fowleri females that had been 
mis-clasped in one season were not found 
in amplexus the following season. It is 
unlikely that the lack of recovery of mis- 
mated fowleri female is due to chance 
alone. It is quite plausible that walliceps 
and the sterile F, hybrids are effectively 
removing through mis-matings the ill- 
adapted fowleri females and leading to 
the maintenance and multiplication of 
fowlert individuals better fitted for the 
given conditions of existence and repro- 
duction. It is generally accepted that 
“whether a mating will be homospecific 
or heterospecific in a mixed population 
depends on the discrimination of the 
female’ (W. F. Blair, 1958). Those 
females that resist most successfully the 
attentions of males of the opposite species 
may be the ones carrying the most favor- 
able genotypes. 

If there is and continues to be differ- 
ential propagation of fowleri genotypes, 
then selection will serve to strengthen 
isolation between sympatric species whose 
complexes are exposed to the risk of dis- 
integration, as contended by Dobzhansky 
(1940) and espoused recently by W. F. 
Blair (1958). It is stressed that isolation 
will be reinforced only if there are signifi- 
cant genetic differences between those 
individuals that find normal mates and 


those that are mis-mated. The dis- 
tinguishing heritable traits, if any, of 
normally-mated and mis-mated fowleri 
females are not known. 


SUMMARY 


Hybridization between B. valliceps and 
B. fowleri results in a wastage of repro- 
ductive energy and food resources, since 
the F, hybrids are either inviable or 
sterile males. The sterile F, hybrids are 
somatically vigorous and maintain them- 
selves in relatively high numbers in 
nature. Further losses of gametes occur 
when the sterile F, hybrids mate with the 
parental females, although more often 
with fowlert females, and cause them to 
extrude their eggs. In the local hybrid 
population, intensively analyzed, the data 
indicate that the gene pool of the abun- 
dant, highly adapted B. valliceps assem- 
blage is not being seriously impaired by 
the high frequency of hybridization. 
However, it appears likely that the less 
numerous, less adapted B. fowleri seg- 
ment of the fopulation is being affected 
by the extensive hybridization. The mis- 
matings may serve as a potent factor 
operating to keep the fowleri population 
at a constant, limited density. It is also 
conceivable that ill-adapted fowleri indi- 
viduals are being effectively eliminated 
through mis-matings and supplanted by 
individuals better fit for the particular 
local conditions of existence and repro- 
duction. The critical information on the 
distinguishing heritable features, if any, of 
normally-mated and mis-mated fovwdleri 
females is lacking. 


LITERATURE CITED 


Brarr, W. F. 1956. Comparative survival of 
hybrid toads (B. woodhousei X B. valliceps) 
in nature. Copeia, 1956(4): 259-260. 

—. 1958. Mating call in the speciation of 
anuran amphibians. Amer. Nat., 92: 27-51. 

DoszHansky, T. 1940. Speciation as a stage 
in evolutionary divergence. Amer. Nat., 
74: 312-321. 

W. C. 1944. Physiographic divi- 
sions of the Quaternary Lowlands of 


Louisiana. Proc. Louisiana Acad. Sci., 8: 
11-24. 


‘ 
| 
if 
| 
i | 


HYBRID TOADS 


LimsauGH, B. A. anp E. P. Vorpe. 1957. 
Early development of the Gulf Coast toad, 
Bufo valliceps Wiegmann. Amer. Mus. 
Novitates, No. 1842: 1-32. 

Liner, E. A. 1954. The herepetofauna of 
Lafayette, Terrebonne and Vermilion Par- 
ishes, Louisiana. Proc. Louisiana Acad. 
Sci., 17: 65-85. 

Martor, B. S. 1953. Territoriality in the 
green frog, Rana clamitans. Ecology, 34: 
165-174. 


193 


Orton, G. L. 1951. An example of inter- 
specific mating in toads. Copeia, 1951 
(1): 78. 


TuHornton, W. A. 1955. Interspecific hy- 
bridization in Bufo woodhousei and Bufo 
-valliceps. Evotution, 9: 455-468. 

Vorpe, E. P. 1956. Experimental F, hybrids 
between Bufo valliceps and Bufo fowleri. 
Tulane Stud. Zool., 4: 61-75. 

1957. Genetic aspects of anuran popu- 

lations. Amer. Nat., 91: 355-371. 


i 


THE CHORDA TYMPANI AND MIDDLE EAR AS GUIDES 
TO ORIGIN AND DIVERGENCE OF REPTILES! 


Horton III 


Division of Vertebrate Paleontology, U. S. National Museum 


Received October 19, 1959 


INTRODUCTION 


The tetrapod middle ear originated by 
modification of parts of the jaw mechan- 
ism of fishes, and its subsequent history is 
closely associated with the history of the 
jaw apparatus. Its early evolution is a 
complex of changes induced by two dif- 
ferent influences. On one hand there were 
modifications of jaw structure that forced 
changes upon the middle ear, and on the 
other there was a tendency for modification 
of middle ear structure toward refinement 
of hearing, or for maintenance of hearing 
in the face of alterations induced by struc- 
tural changes of the jaw. All of these 
changes were adaptive in nature. 

The chorda tympani is a small branch 
of the facial nerve that passes through the 
tympanic cavity on its way to the lingual 
side of the lower jaw. Its relationships 
to the various parts of the middle ear are 
remarkably consistent among living tetra- 
pods. Position of the nerve has nothing 
to do with function of either the middle 
ear or the jaw mechanism and so is un- 
likely to have been affected by functional 
adjustments of the middle ear. There- 
fore the consistency of its relationships is 
generally thought to be a conservative 
feature, one that may be of value in de- 
termining patterns of phylogeny, and its 
position has been extensively studied in 
living forms. Unfortunately the nerve has 
left little trace of its position in fossil 
forms, which have therefore been largely 
ignored in such studies. 

Also because of its poor record chorda 
tympani has seldom been considered in 
studies of relationships among fossil tetra- 
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pods, even though the controversy over 
the origin and radiation of reptiles cur- 
rently centers on the nature of the middle 
ear. 

A reinterpretation of the pelycosaur 
stapes (Hotton, 1959) has led to recogni- 
tion of features that mark the route of the 
chorda tympani in very primitive reptiles. 
The present paper is an attempt to cor- 
relate this information with the abundant 
material on the chorda tympani in modern 
forms, in order to demonstrate that the 
position of the nerve in the pelycosaurs 
represents a logical intermediate between 
the condition of fish and amphibians on 
one hand and all amniotes on the other, 
and to show that changes of the middle 
ear from fish to modern amniotes can 
reasonably be documented by known 
fossil forms. 


GENERAL MORPHOLOGY 


Otic region. The essential parts of the 
middle ear consist of a more or less super- 
ficial membrane, the tympanum; a small 
bone, the stapes, which connects the tym- 
panum with the fenestra ovalis in the wall 
of the otic capsule ; and an air-filled cham- 
ber, the tympanic cavity. The tympanic 
cavity communicates with the pharynx 
proximally and is closed by the tym- 
panum distally; it surrounds the stapes 
and is delimited in part by various bones 
of the occiput and cheek region. This 
general pattern is expressed in all living 
tetrapods except urodele and caecilian 
amphibians, snakes, Sphenodon, and some 
lizards. It is modified in mammals by the 
interposition of two small bones of lower 
jaw origin, the malleus and incus, be- 
tween tympanum and stapes. 

In discussions of anurans, birds, and 
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living reptiles the stapes is usually de- 
scribed as consisting of two parts, a proxi- 
mal bony oto-stapes (columella auris ) and 
a distal cartilagenous extra-stapes (extra- 
columella ) ; the later is in contact with the 
tympanum and bears one or more addi- 
tional processes that extend variously to 
the bones surrounding the ear cavity. 
The processes are thought to be homolo- 
gous among the tetrapods, and Eaton 
(1939) has demonstrated in a general 
way the homology of the processes of the 
tetrapod ossicle with those of the cros- 
sopterygian hyomandibular. Most of the 
processes known in the modern forms 
only as cartilagenous or ligamentous 
branches of the extra-stapes are preserved 
as bone in primitive fossil tetrapods. In 
order that comparison between the ossicles 
of living and fossil reptiles may be facili- 
tated, the term stapes as used in this paper 
includes both oto-stapes and extra-stapes. 
Dorsal process designates the connection 
to the opisthotic, tympanic process the 
connection to the tympanum, and internal 
process the connection to the quadrate. 
Bony parts of the middle ear of frogs 
are similar in most respects to those of 
fossil labyrinthodont amphibians. In the 
latter forms the ear is delimited by the 
otic notch, a posterior concavity that lies 
high on the back margin of the skull and 
involves the squamosal, supratemporal 
and tabular bones. The moderately mas- 
sive stapes is directed toward the notch, 
which presumably housed a tympanum as 
it does in the frog. Most primitive rep- 
tiles of late Pennsylvanian and_ early 
Permian age are characterized by loss of 
the otic notch. In these forms the stapes 
is directed toward the articular end of the 
quadrate bone and is usually quite mas- 
sive. A few early fossil reptiles (Diadectes 
and its close relatives) have a large otic 
concavity which may be, but is not neces- 
sarily, a retention of the amphibian otic 
notch. The stapes is not well known in 
the diadectids, but appears to be propor- 
tionately smaller than that of any con- 
temporary form without an otic notch. In 
all more advanced reptiles and in birds the 


tympanum (when present) is supported 
in a concavity behind the quadrate near 
the jaw joint. Only secondarily (in 
crocodiles and some dinosaurs) does it 
occupy a position high on the skull. The 
stapes is always reduced to a slender 
spicule in advanced forms. 

Chorda tympam. The trunk of the 
facial nerve emerges from in front of the 
otic capsule to traverse the membranous 
lining of the tympanic cavity in anurans, 
reptiles, and birds. It passes backward 
above the stapes and then downward in 
the posterior wall of the cavity. Its 
course is similar in mammals, but it is 
enclosed in the bony wall of the middle 
ear. The internal mandibular branch, 
chorda tympani, arises from the main 
trunk of VII behind the stapes. In the 
frog its entire downward course lies in 
the back wall of the middle ear; it passes 
forward to the lower jaw below the tym- 
panic cavity. In modern reptiles, on the 
other hand, chorda tympani passes for- 
ward above the distal end of the stapes 
to run down the anterior wall of the 
tympanic cavity in front of the ossicle; it 
reaches the lower jaw via the posterior 
surface of the quadrate bone. In mammals 
chorda tympani passes from the back wall 
to the front wall on the medial surface of 
the ear drum. Its precise relationship to 
the distal end of the stapes is undeter- 
minable because the mammalian stapes 
does not extend to the ear drum, but the 
nerve does not pass below the tympanic 
cavity as in the frog. 

Problems of homology. Understanding 
of relationships of chorda tympani in the 
various tetrapod groups is dependent in 
part upon knowledge of the development 
and homology of the parts of the middle 
ear, in particular the tympanic cavity it- 
self. Prior to the work of Goodrich 
(1915), the tympanic cavity of all tetra- 
pods was considered to be homologous 
with the spiracular cleft of fishes. Good- 
rich demonstrated the distinctiveness of 
the amniote ear cavity by showing that it 
arises embryonically as a postero-ventral 
diverticulum of the spiracular pouch in 
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such a way that chorda tympani comes to 
lie in front of the diverticulum. He re- 
garded the post-tympanic position of 
chorda tympani in the frog as a survival 
of an ancestral condition (Goodrich, 
1930) in which the tympanic cavity is still 
essentially homologous with the spiracular 
cleft. DeBeer (1937) differed with this 
interpretation, holding that the condition 
in the frog is an embryonic specialization 
related to the anterior placement of the 
first two visceral arches in the tadpole, 
and that the frog tympanic cavity is ho- 
mologous with that of amniotes, not with 
the spiracular cleft. However, the an- 
urans are a very restricted and specialized 
group, and the peculiar events of their 
metamorphosis render embryological evi- 
dence unreliable in interpreting homolo- 


_ gies of the amphibian tympanic cavity. 


For further information on the am- 
phibian ear one must turn to primitive 
representatives of the fossil labyrintho- 
donts. These animals resemble anurans 
and are in contrast with reptiles in the 
high position of their tympanic cavity, and 
Parrington (1958) suggests that this 
feature indicates true homology between 
the amphibian ear cavity and the fish 
spiracular cleft, and that chorda tympani 
was post-tympanic in the labyrinthodonts 
as well as in anurans. 

The labyrinthodonts are divided by 
Romer (1947) into two orders, the 
Temnospondyli and the Anthracosauria. 
The Temnospondyli quite certainly con- 
tain the ancestors of frogs and toads 
(Watson, 1940, but see also Romer, 
1947), which tends to support Goodrich’s 
idea of the primitive nature of chorda 
tympani position in the frog. The An- 
thracosauria contain animals which, when 
judged on the basis of non-otic characters, 
provide excellent morphological ante- 
cedents for the reptiles. But the anthra- 
cosaur middle ear cavity is_ typically 
labyrinthodont, homologous with the 
spiracular cleft. 

The impressive contrast between the 
labyrinthodonts and all other tetrapods in 
the middle ear has led Parrington and 


others to the conclusion that amniotes 
could not have descended from a laby- 
rinthodont ancestor. Parrington recalls 
Sushkin’s observation (Sushkin, 1927) 
that the stapes of very primitive reptiles, 
in its massiveness and orientation, re- 
sembles the hyomandibular of a fish more 
than it does the labyrinthodont stapes. 
Elaborating on Westoll’s scheme ( Westoll, 
1943) that the tympanum originated be- 
hind the squamosal, he advances the con- 
cept of a “prototetrapod’”’ in which the 
tympanum lay in a neutral position half- 
way between the dorsal labyrinthodont 
position and the ventral reptilian position, 
about where the operculum lies in a rhipi- 
distian fish. According to this hypoth- 
esis, the spiracular opening in the skull 
was utilized as an otic notch and only the 
upper part of the fish hyomandibular be- 
came a functional stapes in the laby- 
rinthodont middle ear. The amniote ear 
cavity was a separate development in a 
more ventral position; it utilized the 
greater part of the hyomandibular as a 
stapes, but there was no involvement of 
the spiracular cleft as a functional otic 
notch. 

In view of the community of non-otic 
characters between the two groups, to 
throw the anthracosaurs out of reptile an- 
cestry solely because of dissimilarity of 
middle ear structure partakes of throwing 
out the baby with the bath. It should be 
more economical, on the basis of current 
evidence, to reconcile the otic differences 
between the two groups. 

Vaughn (1955), following Goodrich 
(1930), has attempted to do this by sug- 
gesting that chorda tympani was trans- 
ferred from a post-tympanic to a pre- 
tympanic position via a_ hypothetical 
primitively thick tympanum. This theory 
is based on the premise that the nerve was 
primitively in a closer relation to the 
tympanum than to the stapes, which is 
open to question. In the crossopterygian 
fish chorda tympani passes through a 
canal in the hyomandibular before passing 
down to the medial side of the lower jaw. 
At no point, apparently, does it come into 
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contact with the putative future site of the 
tympanum. In lizards, which presumably 
show the most primitive middle ear ar- 
rangement among living amniotes, chorda 
tympani passes just lateral to and in con- 
tact with the dorsal process of the stapes, 
but not in contact with the tympanum. 
When the dorsal process is poorly de- 
veloped or lacking (some lizards, all 
turtles ), chorda tympani crosses above the 
stapes more medially. Only in birds and 
crocodilians, in which the dorsal process 
is very laterally placed, being itself in 
contact with the margin of the tympanum, 
does chorda tympani come into contact 
with the tympanum. 

In the following sections a new inter- 
pretation of the pelycosaur stapes demon- 
strates considerable similarity between 
the labyrinthodont and pelycosaur middle 
ears. Functional necessity is adduced for 
claiming a labyrinthodont origin of the 
pelycosaur type of otic structure. 


MorPHOLOGY AND EVOLUTION OF 
PRIMITIVE MippLe Ears 


The tetrapod stapes was derived from 
the hyomandibular bone of rhipidistian 


CA (DP) 


OA (FP) 


fishes ; fig. 1 illustrates the probable mode 
of transition and is based upon the work 
of Romer (1941). In the fish, the hyo- 
mandibular was oriented with its proxi- 
mal articulations (with the braincase) 
anterior and its distal articulations (with 
the quadrate) posterior. The facial nerve 
passed backward in the jugular canal (in 
the wall of the braincase) to a point be- 
tween the two heads of the hyoman- 
dibular, and entered a canal within the 
hyomandibular itself via the medial sur- 
face of the bone. It passed through the 
proximal half of the bone within the canal 
and emerged on the lateral surface just 
below the opercular process. Transfor- 
mation of hyomandibular into stapes in- 
volved reduction of ossification and ro- 
tation from a longitudinal to a transverse 
orientation, the bone pivoting on _ its 
cranial articulations as its distal end 
swung forward with the quadrate. The 
surfaces that had been lateral and medial 
in the fish became anterior and posterior, 
respectively, in the tetrapod. Bone cover- 
ing the jugular canal disappeared so that 
the contents of the canal ran on the 
surface of the skull between the heads of 


Fic. 1. Hyomandibular of Ectosteorhachis (“Megalichthys”’) after Romer (1941). Lateral 
aspect, which is equivalent to anterior aspect of stapes. Lined portion indicates parts of 


element remaining after conversion to stapes. 


Reference letters (parenthetical terms refer to 


tetrapod homologues): CA (DP), cranial articulation (dorsal process); CH TY, chorda 
tympani; HY, hyoid branch of facial nerve; OA (FP), otic articulation (footplate); OP 
(TP), opercular process (tympanic process of amphibian only); QA (IP), quadrate articula- 
tion (internal process) ; VII, trunk of facial nerve. 
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198 NICHOLAS HOTTON III 


Fic. 2. Relationships of various parts of the middle ear at successive stages of tetrapod 
evolution. A, Amphibian stage. B, Primitive reptilian stage (immediately following otic 
notch closure). C, Advanced reptilian stage; left side shows neomorphic tympanic process 
arising lateral to chorda tympani, right side shows it arising medial to nerve. D, Definitive 
diapsid condition. E, Definitive therapsid condition. Reference letters: CH TY, chorda 
tympani; HY, hyoid branch of facial nerve; S, stapes; SQ, squamosal; T, tabular; TY, 
tympanum. Patterns: stippled, region of tympanum attachment (in B and D tabular stippling 
represents former tympanum attachment); lined, paroccipital process (region of dorsal 
process articulation) ; cross-hatched, quadrate bone (region of internal process . articulation). 
A based on Paleogyrinus after Watson, 1926; B on Dimetrodon after Romer and Price, 1940; 
C on Captorhinus; D on Crotaphytus; E on Dixeya after Parrington, 1955. 


the stapes. As the distal end of the front of the facial nerve to a point below 
ossicle moved forward, the back (formerly the opercular process. Distally the ossicle 
the medial) wall of the nerve canal dis- remained behind (formerly medial to) the 
appeared, so that the bone lay éntirely in| mandibular branch (chorda_ tympani), 
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and “pushed” it ahead as it pivoted. The 
upper half of the distal end of the bone 
was lost, permitting the hyoid branch of 
the facial to remain behind with the trunk 
of the nerve. 

Labyrinthodont conditions. Figure 2, 
A is a restoration demonstrating the 
main features of the labyrinthodont 
middle ear. The skull is of anthracosaur 
pattern, specifically Paleogyrinus; it was 
selected because of its primitive nature, 
its great age, and its proximity to the 
stem of the reptilian stock. The anthra- 
cosaur stapes is not well known, and the 
shape of the ossicle shown in the dia- 
gram is based upon landmarks identifi- 
able on the skull, and upon the better 
known temnospondyle stapes which it 
must have resembled. A_ ligamentous 
internal process must have descended 
from the functional axis of the stapes to 
the quadrate in the anthracosaur ancestors 
of reptiles as it is known to have done in 
some temnospondyls (Westoll, 1943; 
Watson, 1953). Evidence for the route 
of the labyrinthodont chorda tympani is 
based upon features of the rhipidistian 
hyomandibular and upon relationships in 
primitive pelycosaurs described below 
under “primitive reptilian conditions.” 

With loss of the bony operculum of 
the fish, the opercular process became the 
amphibian tympanic process; it lay above 
the point at which chorda tympani crossed 
the distal end of the ossicle, which had 
become the amphibian internal process. 
The primitive spiracular tympanic cavity 
surrounded only the upper part of the 
stapes at this stage; it did not enclose 
the internal process. Facial nerve and 
chorda tympani passed along the back 
wall and floor of the tympanic cavity, 
and mere loss of the internal process in 
temnospondylous ancestors would pro- 
duce all details of the middle ear of 
frogs. 

The otic notch of Paleogyrinus and 
other primitive anthracosaurs was wide 
open, probably as a holdover of the large 
space at the back of the skull that had 
heen occupied by the operculum of 
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the fish. If the tympanum originated 
from the tissue remaining after loss of 
the osseous operculum, one could expect 
it to be large and to occupy most of the 
otic notch in primitive forms. In fig. 2, A 
the stapes is reconstructed as having a 
high contact with the tympanum simply to 
emphasize the essentially labyrinthodont 
nature of the middle ear, but tympano- 
stapes contact could have occurred at an 
appreciably lower level in these animals, 
as suggested by Westoll (1943, fig. 3, C) 
and Parrington (1958, fig. 5). The 
greater distance from the otic capsule 
and low position of such a contact would 
require a stapes more reminiscent of 
the hyomandibular than that shown in 
my reconstruction. 

Parrington’s requirements of a low 
tympano-stapes contact and a large stapes 
for reptile ancestors then could be met 
by the anthracosaur middle ear, and one 
need not seek them among amphibians 
that lack an otic notch. Acceptance of 
these conditions makes no difference in 
interpreting the homology of the pre- 
reptile tympanic cavity. It would still 
lie medial to the tympanum and around 
the stapes, in the same morphological re- 
lationships found in other labyrinthodonts. 
As long as contact between stapes and 
membrane took place by means of the 
amphibian tympanic process (which was 
a direct derivative of the opercular proc- 
ess), chorda tympani must have run 
below the contact and therefore must 
have been post-tympanic in position. No 
matter how low the ancestral reptile 
tympanic cavity lay, it must still have 
been homologous with the spiracular cleft. 

Future discoveries may reveal primi- 
tive anthracosaurs with massive stapes, 
but the fact that none have been found to 
date suggests that the anthracosaur stapes 
must have been a smaller, more easily- 
lost ossicle like that of other laby- 
rinthodonts. 

Primitive reptilian conditions (fig. 2, 
B). The stapes of primitive pelycosaurs 
and captorhinomorphs is massive and 
slants obliquely from the otic capsule to 
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Fic. 3. Left stapes of Ophiacodon in pos- 
terior aspect. Ossicle oriented naturally. Ar- 
row points to notch for passage of chorda 
tympani across the stapes. 


the articular region of the quadrate. It 
was probably attached to the quadrate. 
None of these stapes has a tympanic 
process ; instead, the dorso-lateral margin 
of some of them (Ophiacodon, Clepsy- 
drops, Dimetrodon) is marked by a dis- 
tinct crest, which has been interpreted 
by the present writer (Hotton, 1959) 
as an attachment for part of the tympa- 
num. The line of attachment of the 
tympanum may be called the tympanic 
crest of the stapes. This arrangement is 
considered to have arisen in the following 
manner. During closure of the otic notch, 
the temporal bones that had supported 
the tympanum in the amphibian were 
brought closer to the body and internal 
process of the stapes and the tympanic 
process was shortened. By the time the 
notch was completely closed and could 
no longer support the tympanum, the 
former dorsal margin of the membrane 
had become attached to the internal 
process, which may have become some- 
what larger and more heavily ossified to 
receive it. The tympanic process was 
shortened out of existence and its func- 
tion assumed by the medial attachment 
of the tympanum to the stapes. 


The tympanic crest is interrupted by 
a small notch or a smooth area at the 
base of the dorsal process (fig. 3) in 
three specimens seen by the writer. Two 
are from a single individual of Ophia- 
codon (MCZ 1366, cast) and one is the 
fragmentary right stapes of Clepsydrops 
in the Chicago Natural History Museum 
(UR 329). In the only specimen of 
Dimetrodon at hand (left stapes, MCZ 
1347, cast) the area at the base of the 
dorsal process is chipped, but there can 
be little doubt that this region was smooth 
also. The notch is interpreted as the 
point at which chorda tympani curved 
forward to cross the stapes (fig. 2, B), 
assuming that the facial nerve followed 
the same course in the pelycosaurs that it 
does in all living tetrapods, and_ that 
chorda tympani came off the main trunk 
of the nerve behind the stapes. 

In front of the stapes of Dimetrodon 
and Ophiacodon the quadrate is shallowly 
concave. This concavity does not reach 
the lateral surface of the skull, being 
“walled off” by the squamosal which is 
here interpreted as the lateral attachment 
of the ear drum. With the tympanum 
supported between squamosal and stapes, 
the tympanic cavity must have been 
restricted to a shallow space anterior to 
the membrane; it passed medially in front 
of the stapes to the pharynx. The outer 
surface of the tympanum faced posteriorly 
and was reached by a short external 
auditory meatus that passed behind the 
squamosal below the tip of the tabular. 
Since the tympanum was attached to the 
stapes so that it lay in the same plane 
as the ossicle, the back of the stapes could 
not lie within the tympanic cavity. It 
may have been contiguous with the in- 
nermost recess of the external auditory 
meatus, covered intimately with epithelial 
lining of the meatus. However, this 
relationship would be expected to leave 
impressions of the facial nerve and its 
branches on the back of the bone. Such 
impressions do not exist, so it is more 
likely that the meatus ended at the junc- 
tion between tympanum and stapes, the 
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back of the bone being covered loosely 
by the areolar connective tissue that lay 
deep to depressor mandibulae and tra- 
pezius muscles. Technically, chorda 
tympani lay partly outside of the tym- 
panic cavity in the large pelycosaurs, only 
entering the cavity proper as it crossed 
the shaft of the stapes; it ran a short dis- 
tance in the medial margin of the tym- 
panum before descending to the quadrate. 

Once its nature is understood, this type 
of reptile middle ear can be recognized 
even in specimens in which the stapes 
has been lost, by the lack of an otic notch 
and by the placement of the quadrate 
below the level of the otic capsule. This 
pattern of otic region is also found in 
such primitive captorhinomorphs as Mela- 
nothyris, Protorothyris, and_ probably 
Limnoscelis. 

Comparison between anthracosaurian 
and reptilian middle ears. The obvious 
differences between the middle ears of 
primitive reptiles and anthracosaurs, i.e., 
loss of tympanic process, oblique orienta- 
tion of stapes, and different placement of 
tympanum, are all due to closure of the 
otic notch, the result of changes in the 
jaw apparatus that only secondarily af- 
fected the middle ear. They are char- 
acteristic of primitive pelycosaurs and 
captorhinomorphs, but except for the 
somewhat lower position of the tympanum 
are not particularly “reptilian” in nature. 
Similarities between the middle ears in 
these forms are equally striking and 
significant. It is noteworthy, for ex- 
ample, that in very primitive reptiles the 
chorda tympani was not yet pre-tympanic 
and the quadrate still lay below the otic 
capsule as in the anthracosaurs. The 
new attachment of the tympanum utilized 
the amphibian internal process and did 
not require alteration of the position of 
the stapes or the development of any new 
structure. 

Origin of modern types of middle ear 
(fig. 2, C). The next stage in middle 
ear evolution is marked by raising of the 
quadrate to the level of the otic capsule. 
Since the internal process remained in 


contact with the lower end of the quad- 
rate, the stapes lost its oblique orientation 
and became horizontal; chorda tympani 
was still draped over the internal process 
and was pushed up ahead of it as it rose. 
The tympanum was forced from its at- 
tachment on the internal process and came 
to lie at the distal end of the stapes. The 
tympanic cavity followed the membrane in 
its distalward migration and eventually 
surrounded the stapes completely. At 
this stage the chorda tympani at last be- 
came definitively pre-tympanic, but it 
could not have reached this position with- 
out prior closure of the otic notch. 

In the captorhinomorph line the pro- 
gressive raising of the quadrate is beauti- 
fully illustrated by the series Protoro- 
thyris-Romeria-Captorhinus, as recently 
restored by Watson (1954). Protoro- 
thyris is the oldest of the three and 
Captorhinus the youngest, and the series, 
including as yet unnamed intermediates, 
may represent an almost completely pre- 
served phyletic line, as Watson suggests. 
If this interpretation is correct, raising of 
the quadrate and horizontal placement of 
the stapes must have taken place quite 
rapidly in the captorhinomorphs. 

The process occurred independently 
and in somewhat different fashion among 
the pelycosaurs. These animals show a 
much greater range of overall size than do 
the captorhinomorphs, and the advanced 
type of middle ear, with horizontal stapes, 
seems to be characteristic of the smaller 
members of the group. The smaller 
pelycosaurs, comparable in size to the 
smaller captorhinomorphs, usually 
spoken of as being more primtive, but all 
of them so far described show enough 
specialization to be assignable to one or 
another of the three suborders into which 
Romer and Price (1940) divide the 
Pelycosauria. Most of them appear after 
the earliest appearance of Clepsydrops and 
Ophiacodon. Clepsydrops is the oldest 
known pelycosaur and one of the most 
primitive morphologically ; individuals of 
its smaller species are two to three times 
as large as most  captorhinomorphs. 
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Ophiacodon is also very early in appear- 
ance and very primitive in structure, but 
attains a much greater size than does 
Clepsydrops. If moderately large size is 
characteristic of the most primitive rep- 
tiles, it follows that the smallness of the 
small pelycosaurs is a specialization in 
itself. Raising of the quadrate took place 
in relation to changes in jaw mechanism, 
and among pelycosaurs the most obvious 
selective factor that might bring about 
such a change is change in food habits 
related to reduction of overall size of the 
animal. Therefore it is reasonable to 
claim that however generalized they may 
be in other respects, the small pelycosaurs 
show a more advanced condition of the 
middle ear than do Ophiacodon and 
Clepsydrops. 

The tympanum maintained contact with 
the stapes by means of a tag of connective 
tissue which became chondrified (or, in a 
few cases, ossified) to form a new tym- 
panic process, one that was not present 
in primitive pelycosaurs and was _ not 
homologous with the tympanic process of 
amphibians. This neomorphic reptilian 
tympanic process could have arisen either 
distal or proximal to the chorda tympani, 
and the factor that determined its position 
with respect to the nerve was probably 
nothing more significant than chance. 
The left side of fig. 2, C shows the con- 
sequences of tympanic process arising 
distal to the nerve, which looped over the 
stapes between tympanic and dorsal proc- 
esses. With these relationships estab- 
lished, all necessary conditions existed for 
the appearance of the middle ear of 
diapsid reptiles and birds. 

The right side of fig. 2, C represents the 
alternative possibility, in which the new 
tympanic process arose proximal to the 
chorda tympani. This may be the con- 
dition from which the mammalian ear was 
ultimately derived, and is based upon a 
suggestion of Vaughn (1955) that in the 
pre-mammalian line chorda tympani did 
not necessarily loop over the top of the 
tympanic process. Instead, the nerve 
became trapped between the tympanic 


process and the connection between in- 
ternal process and quadrate (see also fig. 
2, E), and eventually was forced into the 
tympanum upon reduction of the quad- 
rate. 

These relationships, which in later and 
more complex manifestation came to ac- 
quire deep phylogenetic significance, may 
thus be of very simple origin. Their 
very simplicity makes it possible that 
they could have arisen either way in 
closely related forms. On the other hand, 
they could not have appeared until after 
the raising of the quadrate, which in turn 
seems to follow historically the closure of 
the otic notch. In other words, these 
distinctive features did not appear until 
after the tetrapods had become reptiles by 
any osteological criteria that one may 


apply. 
FUNCTION AND THE CAUSES OF CHANGE 


The middle ear originated and evolved 
as a part of a functioning organism upon 
which selection was acting at all times. 
Its chief components were derived from 
anterior visceral structures that were re- 
lated to the jaw and respiratory mecha- 
nism of fish ancestors, and its early history 
was closely associated with that of the 
jaws and back of the skull. Throughout 
this period two types of change may be 
recognized. One of them is characterized 
by modifications of jaw structure which 
affected the middle ear; in this case the 
primary selective pressure was toward 
firmer jaw suspension, perhaps in re- 
sponse to changing environmental con- 
ditions, and the effect on the middle ear 
was secondary. The second type of 
change consisted of modification of middle 
ear structure toward more effective de- 
tection of fluid-borne sound, which pre- 
sumably carried a_ selective advantage 
under most circumstances. -These types 
of change were probably never entirely 
independent of each other, but at different 
times one type contributed more than the 
other to the general modification of the 
middle ear. 

The fish hyomandibular had evolved as 
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a support for the jaws. Although its 
supportive function in the rhipidistians 
was probably restricted to the operculum 
it was still primarily adapted to this 
function. It probably worked in a crude 
way to transmit water-borne sound that 
was picked up, equally crudely, by the 
operculum, but this was only incidental, 
a result of its long-standing contact 
distally with the superficial operculum 
and proximally with the surface of the 
otic capsule. The spiracular cleft lay be- 
tween the hyomandibular and braincase as 
an anterior outlier of the gill system; it 
was, merely another vertebrate character- 
istic of great antiquity and any contribu- 
tion it may have made to a_ sound 
conducting function was also incidental. 

Transition from a rhipidistian to a 
labyrinthodont type of skull was charac- 
terized by a forward migration of the 
quadrate and loss of the fish operculum. 
Shift of the quadrate was related to 
changes in jaw suspension, and loss of the 
operculum to changes in the axial skeleton 
as the animals began to develop necks in 
response to changed habits of food- 
gathering. These alterations were of 
primary importance in conversion of the 
hyomandibular into a stapes, the quadrate 
shift carrying the ossicle from a fore-and- 
aft fish orientation to a transverse am- 
phibian orientation, and loss of the 
operculum freeing the bone from any 
remnant of suspensory function. All of 
the structural elements of the amphibian 
middle ear were present in the fish, and 
when the operculum disappeared, the 
sound detecting and conducting functions 
of the apparatus became dominant. 
Selection then modified this melange of a 
displaced suspensor and a tag-end gill 
pouch toward a_ specifically sound- 
conducting functional unit. Final conver- 
sion to a middle ear required only a 
thinning out of the outer wall of the 
spiracular pouch where the operculum 
had lain, and probably took place very 
rapidly. Further changes in the laby- 
rinthodont middle ear were such refine- 
ments as perforation of the fenestra ovalis 
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and probable slight reduction in size of 
the stapes. 

The combination of tympanum, stapes, 
and tympanic cavity that first appeared in 
the amphibians was a functional unit. 
The tympanum was set in motion by 
vibrations of a fluid medium, at first water 
and later air. The stapes communicated 
these vibrations to the inner ear, at first 
via the wall of the otic capsule and later 
via the perforate fenestra ovalis. The 
tympanic cavity provided a space in which 
tympanum and stapes could vibrate with 
relative freedom. It would therefore tend 
to be maintained in close relationship to 
the tympanum and to that axis of the 
stapes across which the greatest vibration 
took place, which can be called the 
functional axis of the stapes. Selection 
toward maintenance or refinement of this 
sound-conducting mechanism tended to 
act upon the middle ear as a whole. 

On the other hand, outside forces oc- 
casionally tended to alter a single part of 
the ear, but when this happened selection 
for effective hearing acted to maintain all 
parts in a functional relationship. Closure 
of the otic notch is an example of such 
an outside force, being directly and ex- 
clusively the result of further changes 
in jaw structure which swung the upper 
end of the quadrate backward and brought 
the bone into a vertical reptilian position. 
It acted primarily upon the tympanum, 
forcing it downward to gain attachment 
to the internal process. Meanwhile, se- 
lection maintained the middle ear as a 
functional entity by causing the tym- 
panic cavity to keep pace with the 
tympanum in its descent. Although some 
workers believe that middle ear changes 
from amphibian to reptile changed the 
mode of sound detection in the latter, it 
is very probable that the selection that 
brought the tympano-stapes type of audi- 
tory apparatus into existence in the first 
place was strong enough to maintain it in 
the face of all documented changes in jaw 
structure. 

In the amphibians the terminal attach- 
ment of the tympanum produced a 
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functional axis in the stapes that ran 
transversely from tympanic process to 
footplate and was surrounded by the tym- 
panic cavity. The functional axis did not 
involve the internal process, which there- 
fore lay outside the cavity. In early 
reptiles, on the other hand, the low 
attachment of tympanum to internal proc- 
ess produced a functional axis that ran 
obliquely from internal process to foot- 
plate ; the tympanic cavity was still associ- 
ated with the axis, which meant that it 
now became involved with the internal 
process. Since the amphibian tympanic 
cavity is homologous with the spiracular 
cleft, its descent (or the descent of an 
evagination from it) with the descent of 
the tympanum was probably the phylo- 
genetic origin of the ventral diverticulum 
seen in amniote embryos. 

Whenever the jaw mechanism became 
stable, or when it ceased to have an effect 
upon the middle ear, modifications of the 
auditory apparatus toward improved 
function became increasingly evident. In 
most lines this took place after the stapes 
had become horizontal, but in limited 
cases it occurred while the stapes was still 
in its primitively oblique position. In the 
large sphenacodont pelycosaur Dimetro- 
don, for example, the stapes is strongly 
flattened in the plane of the tympanum 
and the articular surface of the dorsal 
process is apparently part of a diarthrodial 
joint. These features represent an ad- 
vance over the more primitive ophia- 
codont condition, and may have become 
established following stabilization of the 
sphenacodont jaw articulation in a primi- 
tively low position, when the animals 
achieved temporary success as_ large 
predators during the early Permian. 

The peculiar conditions of the diadectid 
ear, such as the relatively small stapes and 
concave quadrate, may comprise. another 
example of such an early trend, following 
jaw stabilization in response to demands 
of a specific ecologic niche. The diadectid 
modifications were quite different from 
those seen in sphenacodonts and_ pro- 
ceeded much further, producing a middle 


ear which resembled that of diapsid 
reptiles. 

However, the position of the diadectids 
among primitive reptiles remains equivo- 
cal. As stated in the first part of this 
paper, it is doubtful that chorda tympani 
could have migrated to the position it 
occupies in modern reptiles without the 
ancestral otic notch having been closed. 
If the diadectid otic notch represents a 
holdover of the amphibian notch, the 
diadectids could not have given rise to 
any modern form. If, on the other hand, 
the diadectids are ancestral to turtles 
(Olson, 1947) or to all modern reptiles 
(Watson, 1954) one must search for 
early forms of diadectid affinities in which 
the otic notch has been lost and the cheek 
region of the skull is more nearly cap- 
torhinomorph in appearance. Bolosaurus 
fulfills such requirements, but occurs too 
late in time to provide a link between 
primitive captorhinomorphs and diadec- 
tids. It is not within the scope of this 
paper to discuss the nature of the middle 
ear of Diadectes in the light of concepts 
set forth here, but certain features de- 
scribed by Watson suggest a closer simi- 
larity to the ophiacodont stapes than he 
suspected. Despite the close scrutiny to 
which Diadectes has already been sub- 
jected, further study of the animal and its 
relatives holds promise of additional 
reward. 


LATER EVOLUTION OF THE MIDDLE EAR 


In the proto-diapsid line, jaw changes 
affecting the middle ear ceased about the 
time the stapes became horizontal, and the 
pattern of middle ear modifications re- 
mained fairly simple. The tympanum be- 
came larger so that it had to be attached 
along the whole height of the quadrate 
(fig. 2, D) instead of only at the top of 
the bone, and the quadraté (and with it 
the squamosal) became more concave for 
reception of the enlarged membrane. The 
stapes became slimmer and less massive. 

Among captorhinomorphs the late lower 
Permian genus Captorhinoides (Olson, 
1951) shows a much more slender stapes 
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than does its immediate predecessor 
Captorhinus, although no excavation of 
the posterior cheek region is evident in 
either of these genera. If, as Parrington 
(1958) argues, the later Permian mil- 
lerettids are of captorhinomorph deriva- 
tion, they show a final stage in develop- 
ment of an essentially diapsid type of 
middle ear, complete with slimmed-down 
stapes and posteriorly excavated quadrate. 

Mammalian conditions and their origin. 
Changes in the middle ear in the line lead- 
ing to mammals also include enlargement 
of the tympanum and reduction of the 
stapes, which may be interpreted as adap- 
tations for improved sound detection and 
transmission. But the pattern is compli- 
cated by a general reduction of the back 
of the skull and jaws that continued for 
a long time in the history of these 
animals. 

Chorda tympani crosses the medial 
surface of the mammalian ear drum; the 
part of the membrane that lies above the 
nerve is called pars flaccida (Shrapnell’s 
membrane) and the part below it pars 
tensa. Pars flaccida is usually homolo- 
gized with the reptilian tympanum _be- 
cause of its lack of a middle layer of tissue 
of mesodermal origin (cf., e.g., Versluys, 
1899; Gregory, 1910; Westoll, 1945; 
Vaughn, 1955). Pars tensa is considered 
to be a neomorph that appeared with the 
advent of a generally mammalian level of 
organization. The presence of elements 
of lower jaw origin in association with 
pars tensa is usually held to indicate that 
it came from a more ventral level than 
did the original reptilian membrane. 

Palmer (1913) observed the close 
similarity of the tympanic bone in the 
fetal bandicoot (Perameles) to the re- 
flected lamina of the angular bone in late 
therapsids. Watson (e.g., 1951, 1953) 
and Westoll (1943, 1945) have concluded 
from this evidence that a new divertic- 
ulum from the tympano-eustachian cavity 
found its way to the vicinity of the re- 
flected lamina in the later therapsids. 
The diverticulum did not at first reach the 
surface to form a definitive tympanum, 


according to this theory, but persisted for 
a time as a simple chamber, possible 
function of which remains obscure; 
Westoll suggests that it may have formed 
a vocal resonating chamber. Eventually 
it formed a new membrane supported on 
the reflected lamina. Upon shortening of 
the back of the skull and articular region 
of the jaw it moved closer to the old 
reptilian cavity, bringing the new mem- 
brane into confluence with the reptilian 
membrane. 

The theory that the mammalian middle 
ear chamber originated as an evagination 
of the reptilian cavity consists mainly of a 
description of the sequence of events in 
mammalian ontogeny fitted into a phylo- 
genetic frame of reference. The selective 
forces that would induce such an evagi- 
nation are obscure. I suggest that there 
was never more than one membrane, 
and that it arrived at the mammalian 
infra-mandibular position simply because 
it got larger at the same time the quadrate 
was getting smaller. Increase in tym- 
panum size was the result of selection 
toward more effective middle ear appa- 
ratus as it was in the protodiapsids, 
while reduction of the quadrate was 
related to changes in jaw structure. 

At first the membrane lay behind the 
quadrate as it did in the ancestors of 
diapsid reptiles, and as in those forms 
it expanded downward toward the jaw 
articulation. But reduction of the quadrate 
in later synapsids tended to restrict the 
space available for expansion of the mem- 
brane. Perhaps the insertion of the de- 
pressor mandibulae muscle prevented the 
drum from expanding below the articular 
bone for a time. Eventually, however, re- 
duction of the posterior jaw elements and 
associated structures permitted the mem- 
brane to extend below the jaw articula- 
tion. Shortening of the back of the jaws 
and skull brought the angular, with its 
reflected lamina, closer to the point at 
which the tympanum would reach below 
the lower jaw, so that when the membrane 
finally got there it would fall right into 
the arms of the angular, so to speak. The 
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Fic. 4. Possible phylogenetic relationships of late Paleozoic anthracosaurs and reptiles, as 
controlled by radiation into terrestrial environments. 
dicate stages of middle ear evolution as follows: (1) otic notch and amphibian tympanic 
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close functional and ontogenetic associa- 
tion between tympanum and tympanic 
cavity would insure that the cavity would 
follow the membrane faithfully in this 
phylogenetic migration. In late stages the 
low position of the tympanum would come 
to require a sufficiently prominent out- 
pouching of the embryonic reptilian cavity 
to produce the phenomena observed in 
mammalian ontogeny. 

The writer recently had the opportunity 
to examine the beautifully-prepared skull 
of a Triassic cyodont from Ischigualasto, 
Argentina, and to discuss it with its de- 
scriber, Professor Bryan Patterson of 
the Museum of Comparative Zoology, 
Harvard. The specimen is complete 
and virtually undisturbed in the otic 
_region. It is quite evident that a large 
functional membrane must have been 
present, supported dorsally by the squa- 
mosal (representing the old reptilian 
attachment) and antero-ventrally by a 
ventrally-directed process of one of the 
small bones of the lower jaw (the coming 
“mammalian” attachment). Thus it 
demonstrates clearly an _ intermediate 
stage in the descent of a single tympanum 
from reptilian to mammalian position. 

Professor Patterson showed that the 
only possible identification of the bone 
with the process on it is pre-articular, not 
angular. The angular is present and 
recognizable, but is perfectly smooth and 
has lost its reflected lamina. This fact, 
coupled with the general lack of a re- 
flected lamina in late cynodonts, casts 
doubt on the long-accepted homology of 
the mammalian tympanic bone with the 
reptilian reflected lamina. The embry- 
ological evidence for this homology is not 
unequivocal, and should be reviewed in 
the light of more recent paleontological 
evidence. 

However, the exact homology of the 
lower jaw element supporting the tym- 
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panum in mammals and_ advanced 
cynodonts is not relevant to the present 
discussion. The Harvard specimen 
demonstrates that final transition of jaw 
elements into middle ear ossicles must 
have taken place after the tympanum had 
gained support on the lower jaw pre- 
cursor of the tympanic bone. The 
transition probably occurred as the mem- 
brane relinquished its reptilian attach- 
ment to skull elements, when the squa- 
moso-dentary jaw articulation was finally 
established. Although transition of the 
membrane from partial post-quadrate 
support to complete support by the tym- 
panic bone must have been quite rapid, it 
was probably continuous and should not 
be thought of as saltatory in nature; there 
is no need to postulate a non-functional 
phase during transition from reptilian to 
mammalian position. 


CONCLUSIONS 


The middle ear appears to have gone 
through four main stages in its evolution. 
The first stage is that of the labyrintho- 
dont, which is characterized by an otic 
notch and a tympanic cavity homologous 
with the spiracular cleft; chorda tympani 
is post-tympanic in position. The second 
stage is found in large and primitive 
pelycosaurs and the most primitive cap- 
torhinomorphs, and is characterized by 
loss of the otic notch, an obliquely- 
oriented stapes, and attachment of a large 
part of the tympanum to the internal 
process; chorda tympani does not yet lie 
in the pre-tympanic position. The third 
stage is that shown by small pelycosaurs 
and advanced captorhinomorphs, and is 
characterized by a_horizontally-oriented 
stapes with tympanum lying terminal to it 
and a neomorphic tympanic process; 
chorda tympani has finally come into a 
pre-tympanic position. Two divergent 
fourth stages are shown by the lines lead- 


process present; (2) no otic notch, tympanum supported in part by internal process, massive 
stapes oriented obliquely; (3) no otic notch, tympanum terminal to horizontal stapes, new 
reptilian tympanic process appears; (4) tympanum terminal to stapes, stapes reduced, 
quadrate concave (pre-diapsid) or reduced with evidence of external auditory meatus 


directed toward it (pre-mammal). 
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ing to diapsid reptiles and to mammals, 
respectively. Both are characterized by 
modifications for improved detection of 
air-borne sound; they differ in origin only 
because of fortuitous differences in the 
relationship between the new tympanic 
process and chorda tympani, and they 
diverge because of a continuation of jaw 
changes that affected the middle ear in the 
line leading to mammals. 

Figure 4 represents the stratigraphic 
occurrence of the forms discussed in this 
paper, and shows the temporal sequence 
of morphological stages of the middle ear. 
Seymouria, Diplovertebron, Eosauravus, 
and Petrolacosaurus are also included in 
figure 4; they are genera pertinent to a 
consideration of reptile phylogeny that 
have not been discussed in preceding 
pages. Seymouria is a central genus of 
the suborder Seymouriamorpha, a line of 
anthracosaurs which is characterized by 
an extremely reptile-like postcranium but 
persistently amphibian dermal bone pat- 
tern and otic notch. Diplovertebron is a 
small upper Pennsylvanian anthracosaur 
which is almost too primitive to be a 
seymouriamorph but nevertheless shows 
some terrestrial adaptation. Watson 
(1926) pointed out the terrestrial features 
of Diplovertebron and compared it to the 
rhachitome Cacops. Many of the rep- 
tilian features of Seymouria also resulted 
from adaptation to terrestrial habits, and 
it is possible that the Seymouriamorpha 
represent a development among anthra- 
cosaurs comparable to the dissorophids 
among the rhachitomes. 

Eosauravus is a_ small, terrestrially 
adapted animal of the middle Penn- 
sylvania which has been called a 
seymouriamorph, but which most re- 
cently (Peabody, 1959) has been referred 
to the captorhinomorph reptiles on the 
basis of tarsal structure. The anterior 
part of the animal is not known. 
If Peabody is correct, Eosauravus is the 
oldest known reptile, and antedates the 
first appearance of the Seymouriamorpha 
by one-third of the Pennsylvanian period. 
Petrolacosaurus (Peabody, 1952) is an- 


other small terrestrial form that appears 
to be referable to the captorhinomorphs. 
According to Watson (1954) its otic 
region is similar to that of primitive 
captorhinomorphs and pelycosaurs. Al- 
though it shows specializations in skull 
fenestration and elongation of neck and 
limbs, it antedates the other captorhino- 
morphs and earliest pelycosaurs. 

The provisional phylogenetic pattern 
shown in figure 4 is based chiefly upon a 
suggestion of Romer (1946) that the 
morphological indications of an aquatic 
habit shown by Limnoscelis and the early 
ophiacodonts, which were relatively large 
forms, are holdovers from their amphibian 
ancestry and not secondary adaptations. 
This interpretation implies that these 
animals were derived directly from a large 
equatic embolomere like Paleogyrinus 
without an intervening terrestrial phase 
of adaptation; the pelycosaurs and their 
embolomerous ancestors then constitute 
the main trend of tetrapod evolution 
during Pennsylvanian time. Comparing 
Paleogyrinus, Limnoscelis, and the ophia- 
codonts with Diplovertebron, Eosauravus, 
and the early captorhinomorphs, one 
is struck by the apparent correlation of 
small size with terrestrial adaptation 
among Pennsylvanian tetrapods, irrespec- 
tive of their formal taxonomic disposition. 
These small forms represent successive 
experiments in terrestrial specialization 
produced by the main line of tetrapods. 
Diplovertebron came from a conservative 
member of the main line at an amphibian 
level of organization and probably repre- 
sents the origin of the Seymouriamorpha ; 
Eosauravus arose after attainment of a 
reptilian level and perhaps gave rise to the 
captorhinomorphs, most of which are 
small. The many similarities between 
seymouriamorphs and captorhinomorphs 
are the result of parallel adaptation to 
terrestrial environment. 

The conservative aspect of this phy- 
logeny is largely the result of concepts of 
middle ear evolution developed in this 
paper. First, in spite of changes induced 
by otic notch closure, the middle ear of 
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primitive reptiles retains a basic similarity 
to that of anthracosaur amphibians; this 
strongly supports the theory of anthra- 
cosaur ancestry of reptiles. Second, the 
chorda tympani could not have found 
its way to the pre-tympanic position it 
occupies in modern reptiles and in 
mammals until the otic notch had closed 
and the stapes had become horizontal. 
The nerve began its migration, however, 
with closure of the otic notch, which 
marked attainment of a technically rep- 
tilian level of organization in this line. 

The captorhinomorphs and pelycosaurs 
are distinct as far back as they can be 
traced, to the upper Pennsylvanian. 
There is strong evidence that the stapes 
became horizontal independently in the 
two groups; the stapes becoming hori- 
zontal caused formation of the new rep- 
tilian tympanic process, which therefore 
must have been acquired independently by 
each group. Placement of the new tym- 
panic process with respect to chorda 
tympani coincided with this event; the 
process may have arisen lateral to the 
nerve in the captorhinomorphs and medial 
to it in the pelycosaurs. Thus middle ear 
differences between the line leading to 
modern reptiles and that leading to 
mammals could have originated as part of 
the divergence between the captorhino- 
morph and pelycosaur reptiles in pre- 
Permian times. 

Evolution of the middle ear was adap- 
tive in that maintenance and refinement 
of a tympano-stapes type of hearing 
mechanism carried a selective advantage 
under most circumstances. Structural 
modification toward more effective func- 
tion appeared in all lines whenever 
jaw stabilization took place. In some 
lines (e.g., sphenacodonts, diadectids ) 
such modifications occurred very early, 
but in most they did not become pro- 
nounced before the middle Permian. 

Goodrich (1930) maintained that tetra- 
pods above the level of amphibians could 
be divided into two lines of completely 
independent origin on the basis of the 
circulatory system and certain characters 


in the foot. He brigaded nearly all 
Paleozoic reptiles and mammal-like rep- 
tiles together as Reptilia Theropsida, and 
the diadectids and all other reptiles to- 
gether as Reptilia Sauropsida. The 
circulatory system is not a reliable cri- 
terion for determining relationship among 
fossil reptiles, and more recently Watson 
(1954) has claimed that the two groups 
can be distinguished on the basis of 
middle ear structure, the massive stapes 
and straight posterior skull margin being 
characteristic of the Theropsida and the 
slender stapes and concave skull margin 
being characteristic of the Sauropsida. 
Most proponents of this system consider 
the captorhinomorphs to contain the an- 
cestors of the pelycosaurs. Reviews of 
recent work on the concept are to be 
found in Vaughn (1955), who favors it, 
and Parrington (1959), who does not. 

The interpretation of the middle ear 
advocated in the present paper runs 
counter to the Goodrich-Watson hypothe- 
sis, and is supported by the temporal 
relationships of most of the animals in- 
volved. The massive stapes is nearly 
universal among the earliest reptiles, 
while the so-called sauropsid type of ear 
is a later development in all cases except 
that of Diadectes. The massive stapes is 
merely another of numerous primitive 
characters possessed by the earliest rep- 
tiles and indicates only their proximity to 
a common source. The slender stapes 
and excavated quadrate is very probably 
adaptive in nature, and the selective ad- 
vantage it carries brought about its 
appearance in all lines as soon as cir- 
cumstances permitted, including such 
early experiments as Duadectes. In 
making a taxonomic distinction between 
forms with massive stapes and forms with 
slender stapes and concave quadrate, 
Watson’s theory separates ancestor from 
descendant, not divergent lines from each 
other. 

There is little good evidence that the 
captorhinomorphs actually antedate the 
pelycosaurs. Instead, the earliest repre- 
sentatives of both groups appear to be 
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contemporaneous, and on the basis of non- 
otic criteria they appear to be separate 
developments from a common source. 
The distinctiveness of captorhinomorph 
and pelycosaur lines is further supported 
by the probability that the stapes became 
horizontal and the chorda tympani _be- 
came pre-tympanic independently in the 
two groups. Herein lies the true sepa- 
ration of reptiles into two lines, one lead- 
ing to diapsid reptiles and birds, and the 
other to mammals. But both lines were 
derived from forms in which the otic 
notch was closed, animals which were, in 
other words, technically reptiles. There 
is at present no evidence to indicate 
whether or not closure took place inde- 
pendently in these two lines, nor is the 
question relevant. Traced backward, the 
captorhinomorphs and pelycosaurs show 
a high degree of convergence; their latest 
common ancestor must have been as much 
a reptile as they, for all we can tell, 
whether it had an otic notch or not. 

Thus, if the terms Reptilia Theropsida 
and Reptilia Sauropsida are to be re- 
tained, they must be redefined in such a 
way that the Pelycosauria are included in 
the former and the Captorhinomorpha in 
the latter. But the concept behind the 
terms implies a much greater difference 
than that which obtains between the two 
Permo-Carboniferous groups, and_ this 
degree of difference is not apparent 
morphologically in their descendants until 
the middle Permian. It is therefore 
undesirable to use them to distinguish 
between Captorhinomorpha and Pelyco- 
sauria, and since adequate taxonomic 
nomenclature already exists to separate 
later reptilian lines, the terms Reptilia 
Theropsida and Reptilia Sauropsida 
should be dropped. 

The origin of the diadectids and the 
question of whether or not they gave rise 
to any post-Paleozoic forms are beyond 
the scope of this paper. Contrary to the 
relationships shown in figure 4, the 
diadectids may have been derived from 
seymouriamorph anthracosaurs, and they 


may be ancestral to turtles as suggested 
by Olson (1947). But the turtle chorda 
tympani is pre-tympanic, which means 
that if the diadectids did give rise to 
turtles, the amphibian otic notch must 
have been closed before the definitive 
diadectid condition was attained. 
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The willistoni species group includes 
five known sibling species, one of which 
is Drosophila paulistorum Dobzhansky 
and Pavan. The morphological char- 
acteristics and the relationship of this 
species to D. tropicalis Burla and Da 
Cunha, to D. willistoni Sturtevant, and 
to D. equinoxialis Dobzhansky were ana- 
lyzed by Burla et al. (1949). Later, a 
fifth sibling species, Drosophila insularis 
Dobzhansky, was added to the group 
(Dobzhansky, Ehrman, and Pavlovsky, 
1957). The five sibling species can be 
told apart by crossability tests and by 
inspection of the chromosomes in the 
cells of the larval salivary glands; more- 
over, Spassky (1957) found minute dif- 
ferences in the structure of the genitalia, 
which permit him to classify living males 
into the five species categories. Without 
doubt, the sibling species are completely 
isolated reproductively. Although inter- 
specific insemination does occasionally 
occur in laboratory experiments, no viable 
hybrids are produced except in crosses 
involving D. insularis, where the hybrids 
are wholly sterile. This species, D. 
insularis, is most restricted in its geo- 
graphic distribution. It is known only from 
two islands in the Lesser Antilles, while 
the other four species are widespread 
over the American tropics. D. tropicalis, 
D. willistoni, D. equinoxialis, and D. 
paulistorum are sympatric in a region in- 
cluding the Amazonian basin and the part 
of South America that lies north of the 

D. willistoni has been found to be a 


1 Submitted in partial fulfillment of the re- 
quirements for the degree of Doctor of Phi- 
losophy, in the Faculty of Pure Science, 
Columbia University. 


Evo.tution 14: 212-223. June, 1960 


212 


unified species—one not divided into sub- 
species showing any trace of incipient 
reproductive isolation. D. tropicalis in- 
cludes two known subspecies which pro- 
duce sterile male and fertile female hy- 
brids (Townsend, 1954). D. equino.xialis 
has not yet been studied. Extensive col- 
lections of D. paulistorum from localities 
in Central America, the Caribbean, and 
South America yielded a group of geo- 
graphic strains which, when brought into 
the laboratory and intercrossed, gave 
varied, and surprising, results. Not all 
the strains could be mated with equal 
ease ; some matings produced no hybrids 
at all, while others yielded fertile female 
hybrids and F, males that were com- 
pletely sterile (Dobzhansky and Spassky, 
1959). 

Thus, the species Drosophila paulis- 
forum represents remarkably favorable 
material for the study of the genetics of 
incipient reproductive isolation. It is 
distributed over a vast area, it has only 
three pairs of chromosomes, and above 
all, it offers a number of the very in- 
teresting race-species “borderline cases’’ 
for analysis. We have here a series of 
intergrading subspecies, such that when 
the extremes of this series come together 
the reproductive isolation between them 
is virtually complete. Yet, gene exchange 
via geographically intermediate popula- 
tions is possible, although it is an open 
question how much exchange actually 
does occur. The purpose of the present 
work is to analyze the D. paulistorum 
complex of nascent species with regard to 
the causation of the hybrid male sterility 
observed in crosses between the sub- 
species. 
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MATERIAL 


As a result of systematic intercrosses 
of the strains available, six groups of 
geographic populations were distinguished 
by Dobzhansky and Spassky (1959), 


namely : 


1. the Centro-American group, Guate- 
mala to Costa Rica 

2. the Amazonian — group, 
through northern Brazil 

3. the Andean-South Brazilian group, 
southern Colombia, Ecuador, Peru, 
Bolivia, and southern Brazil 

4. the Orinocan group, Panama, east- 
ern Colombia, Venezuela, and Brit- 
ish Guiana 

5. the Guianan group, Georgetown in 
British Guiana (a single strain) 

6. the Transitional group, several lo- 
calities in Colombia. 


Panama 


Crosses between the Centro-American, 
the Amazonian, and the Andean-South 
Brazilian groups always result in fertile 
female hybrids and sterile male hybrids. 
Some of these crosses, however, can be 
made only with difficulty, owing to strong 
sexual isolation existing between the 
strains involved. The present report is 
concerned with the genetic basis of the 
sterility of the hybrid males coming from 
the crosses between the Centro-American 
and the Amazonian strains, and between 
the Centro-American and the Andean- 
South Brazilian strains. 

For the purposes of this investigation, 
it was necessary to have each pair of 
chromosomes in the subspecies crossed 
marked by at least one convenient mutant 
gene. Once a sufficient number of mutant 
genes had been acquired chiefly via ex- 
posure to X-rays, and these mutations 
firmly established in stocks, their posi- 
tions on the chromosomes were mapped 
(Malogolowkin and Ehrman, in this is- 
sue). (The crosses between the Ama- 
zonian and the South Brazilian strains, 
which also yield sterile male hybrids, will 
be studied by Dr. C. Malogolowkin). 


THE EXPERIMENTAL PROCEDURE 


Figure 1 shows the plan followed in 
ascertaining the role of the autosomes 
in the production of the sterility in the 
hybrid males. The object was to transfer 
one marked chromosome into the nuclear 
and cytoplasmic background of an alien 
subspecies. In each generation, equal 
numbers of males carrying the marker 
gene and of wild type sons were dissected 
in physiological saline and checked for 
the presence of motile spermatozoa. Note 
that, at no time could two marked chro- 
mosomes be transferred, across  sub- 
specific boundaries, simultaneously. D. 
paulistorum is a species delicate enough, 
so that, at least in laboratory cultures, 
flies carrying several mutant genes are 
apt to show a viability too low to permit 
experiments of this sort to be carried 
out successfully. 

The control experiments involved 
crosses using females which were iden- 
tical with the experimental backcross fe- 
males except for the fact that they did 
not carry the one murked chromosome. 
This, as the results will show, further 
emphasizes the role of single chromo- 
somes in the normal development of 
male gonads. 

Because of the extreme difficulty in 
succeeding with inter-subspecific matings, 
the hybrid progeny necessarily come from 
a limited number of females and the 
initial inter-subspecific crosses were made 
in a direction which minimized the sexual 
isolation barrier. Thus, figure 2 indi- 
cates that the Amazonian X Andean-South 
Brazilian cross was made using Ama- 
zonian (marked) males, and Andean- 
South Brazilian (wild type) females, 
whereas the Amazonian X Centro-Amer- 
ican mating could only be accomplished 
by using Amazonian (marked) females, 
and Centro-American (wild type) males. 
Sex-linked marker genes are, as shown 
in figure 2, very scarce in this material. 
Only one such mutant was found to be 
suitable for the experiments, namely a 


LEE EHRMAN 


214 


i 


Im énos9 
“oe pp I pum x x —pp1 adh) 
GNOD3S 
3 
4 
+ + 
II 
9 88 pugty DP x 


BWOSOWONHD ONODIS 


| 

| 

if 

| 

t 


215 


HYBRID STERILITY IN D. PAULISTORUM 


*(penunuos) 


“59 pou piim «x + pp I pm « bh meds, 
“5g fuoqea «x J fuoqe 7 bb I Aucqe 
SWOSOWOSHD BHL 
+ 4 
k fog A 298 A 
28 pp pum x ab pp pum x 88 
‘08 nV + 
f 


fog 2 
“oa. JP « 99 Auoge Auoge 


3WOSOWOSHD 3Hi 


LEE EHRMAN 


216 


WE 


28 


4 
a” 
TI dnos9 
+ 


4 
2 


JWOSOWOMNHD 


ths 
4 
“ 
>> zis >> 
| a 
i 
4 
if 
= w 
oO 
| 
1 
| 
| 


HYBRID STERILITY IN D. PAULISTORUM 


TABLE 1. 
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Fractional and percentage dilution of alien chromosome in repeated backcrosses between 


subspecies ‘‘A”’ and subspecies ‘‘B,’’ where subspecies ‘‘B’’ is the recurrent parent 


Marked chromosomes Unmarked chromosomes 


A B A B 


% “A” in entire % “B” in entire 


genome genome 

F, 1/2 1/2 1/2 1/2 50.0 50.0 
BC, 1/2 1/2 1/4 3/4 33.3 66.7 
BC: 1/2 1/2 1/8 7/8 25.0 75.0 
BC; 1/2 1/2 1/16 15/16 20.8 79.2 
BC, 1/2 1/2 1/2971 1 — (1/2"*) (0.5 + 1/2")/3 1 — £(0.5 + 1/2")/3] 

Controls 

BC, 0 1 1/8 7/8 8.3 91.7 
BC; 0 1 1/16 15/16 4.2 95.8 
BC, 0 1 1/297) 1 — (1/2"*1) (1/2")/3 1 — [(1/2")/3] 


white-eyed recessive obtained in the 
Amazonian group. 

Any data from the crosses outlined in 
figures 1 and 2 would be ambiguous were 
it not that crossing-over is suppressed in 
the hybrids, where it occurs, as far as 
can be detected with all of the markers 
available, only in negligible quantities. 
Therefore, though many markers are 
desirable, and more than one was used 
wherever possible, one marker per 
chromosome is enough to distinguish 
between the presence or absence of that 
particular chromosome. Notice that each 
of these crosses provide information 
about the degree of crossing-over in the 
hybrids. This is especially true of the 
crosses involving the marked third chro- 
mosomes. Here, the genes Minute and 
ebony are fifty crossover units apart 


TABLE 2. 


in intra-subspecific (Centro-American ) 
crosses, but no crossing-over occurred 
between them in the hundreds of hybrids 
examined which carried these marker 
genes. 

In table 1 the degree of hybridity is 
defined more closely in terms of fractions 
and percentages. The formulae derived 
in the table necessarily represent only the 
theoretically average genome in each 
generation. (Furthermore, they are in- 
accurate in that they do not consider the 
small amount of crossing-over that may 
occur.) Every inter-subspecific cross 
was designed to branch out, at the first 
backcross, into two separate lines, one 
for each recurrent parental subspecies. 
Thus, as the backcrosses proceed, the 
percentage contribution of the recurrent 
parent keeps increasing until it forms the 


Results of the crosses outlined in figures 1 and 2, testing the effects of the second chromosome. 


The figures show the numbers of males dissected in physiological saline, and examined for the presence of 
motile spermatozoa. Before dissection, the males were tested for fertility. Equal numbers of males 
carrying the mutant marker and free from it were dissected. S = sterile, no motile sperm; M = Sterile, 


but sperm motile; F = fertile, sperm motile 


Subspecies crossed Centro-American X South Brazilian Centro-American X Amazonian 
Recurrent parent Centro-American South Brazilian Centro-American Amazonian 
ff FF, All S All S AllS All S 
BC, 100S 100 S 100 S 100 S 
with a foreign BC: 96S, 4M 95S, 5M 95S, 5M 99S, 1M 
chromosome BC; 94S, 6M 95S, 5M 04S, 6M 92S, 8M 
Sons of control BC, 9S, 41 F 19S, 31 F 15S, 35 F 20 S, 30 F 
females BC; 7S, 43 F 11S, 39 F 5S, 45 F 19S, 31 F 
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TABLE 3. Results of the crosses outlined in figures 1 and 2, testing the effects of the third chromosome. 
For further explanation see the legend for table (2) 


Subspecies crossed Centro-American X South Brazilian Centro-American X Amazonian 
Recurrent parent Centro-American | South Brazilian Centro-American Amazonian 
So F, All S AllS All S All S 
BC, 99S, 1M 100 S 100 S 100 S 
BC; 99S, 1M 98S, 2M 93S, 7M 98S, 2M 
ceeeeeean BC; 100S 99S, 1M 945, 6M 91S, 9M 
Sons of control BC, 23 S, 27 F 7S, 43 F 10S, 40 F iS S, 36 F 
females BC; 10 S, 40 F 11S, 49 F 50 F 16S, 34 F 


greater part of, although never the entire, 
genome. 

We have then a controlled experi- 
mental scheme which tests two possible 
factors: 


1. the influence of the genotype of the 
mother on the fertility of her sons 

2. the influence of the genotype of the 
males on their own fertility. 


THe Hysrip MALES 


The results can be stated very simply: 
the sons of hybrid mothers are always 
sterile regardless of their own genotype. 
Furthermore, the mothers need only be 
“hybrid” with respect to one of their 
chromosome pairs to yield sterile male 
progeny. 

Tables 2, 3, and 4 summarize the data. 
The F, hybrid males are always sterile, 
and, of course, all of them have the two 
chromosomes of each autosomal pair 
derived from the different subspecies 


crossed. But already in the first back- 
cross (BC,) some of the males must 
carry the chromosomal complement of 
the subspecies to which their fathers 
belonged. Nevertheless, none of the 
1,000 such males dissected had motile 
spermatozoa, and none of the much larger 
number tested proved fertile. 

The situation changes in the second 
backcross (BC,). This backcross can be 
made in two different ways—utilizing as 
mothers, females which do and_ those 
which do not carry the genetic markers 
which indicate the presence of the sub- 
species-foreign chromosome. The former 
produce again only sterile sons; the latter 
(control) produce some sterile, but mainly 
fertile sons. The third backcross is no 
different from the second. Again the 
sons of females which carry any foreign 
chromosome are all sterile, while those 
of control females are mostly fertile. The 
question which may arise in a reader's 


TABLE 4. Results of the crosses outlined in figures 1 and 2, testing the effects of the X-chromosome. 


For further explanation see the legend for table 2 


Subspecies crossed 


Amazonian X Centro- Amazonian X South 


Recurrent parent 


Sons of females iy 
with a foreign BC, 
chromosome BC; 

Sons of control BC, 


females | BC; 


American Brazilian 
Amazonian Amazonian 
All S All S 
945, 6M 935, 7M 
945, 6M 945, 6M 
93S, 7M 99S, 1M 
5S, 45 F 12S, 38 F 
6S, 44 F 10S, 40 F 
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mind is, why are not all males produced 
in the control crosses fully fertile? The 
answer is simple—in the experiments 
there was always only a single chromo- 
some, the distribution of which was fol- 
lowed by a genetic marker. When the 
marker showed the presence of a sub- 
species-foreign chromosome in a female, 
the female was assuredly a “hybrid” one. 
But when the marker was absent, a 
“control” female may or may not have 
carried a foreign chromosome, the dis- 
tribution of which could not be followed 
because of the absence of a marker for 
that particular chromosome in a given 
cross. In other words, among the “con- 
trols” there were probably included some 
hybrid females as well, the male progeny 
of which had to be sterile. 

Dissections have shown that the sons 
of the hybrid females obtained in the 
backcrosses have testes as defective or 
more defective than do the F, hybrid 
males. These latter are, of course, pro- 
duced by mothers who are not hybrid 
themselves. It should nevertheless be 
noted that, particularly beginning with 
the second backcross, some males had in 
their testes sperms which appeared to 
be motile when released in a drop of 
physiological saline on a slide. And yet 
these sperms were unable to function in 
fertilization, as shown by the fact that the 
females with which these males were 
kept failed to produce any _ progeny. 
These males are designated in tables 2-4 
by the letter “M,” which stands for 
motility, not for fertility. s 

Figure 3 tells the story of a very 
lengthy series of backcrosses in which a 
marked autosome was selected for each 
generation to prevent its loss by replace- 
ment. When the sixth backcross was 
reached, the alien chromosome _repre- 
sented only about one-fifth of the average 
genome, and the females carrying this 
autosome were tested for their ability to 
produce fertile sons. At the same time, 
their unmarked sisters were similarly 
tested as controls. The difference in re- 
sults is quite sharp—all of the sons of 


wild type 


x wild type 


wild type 
BC, 


x wild type 


an 


= x wild type 
x wild type 


x wild type $F hybrid wild type m 
wild type 4 


a 
BC, 


+ 


+ 
which was carried to the sixth backcross generation. 


\ a wid type IL hybrid 


x 
Fic. 3. A special cross, involving the Centro-American second chromosome marker “Star,” 


(Centro -Americon 
Amazonian) 


(Centro -American 


Andean - South Brozilian) 
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TABLE 5. Results of crosses outlined in figure 3. The figures show the numbers of males dissected 
in physiological saline, and examined for the presence of motile spermatozoa. Before dissection, the 
males were tested for fertility. Equal numbers of males carrying the mutant marker (Star) and free from 
it were dissected. S = sterile, no motile sperm; M = sterile, but sperm motile; F = fertile, sperm motile 


— 


Dissection of sons of: Experimental Dissection of sons of : Control 
BCs Females 82S, 18 M BCs Females 5S, 45 F 
Ss! +11 
BC, Ful Females 80 SB. 20 M BC, Fl Females 6 S, 44 F 


the “Star” females were sterile, whereas 
most of the sons of the control females 
were fertile. In this backcross genera- 
tion, the control females have virtually no 
alien chromosomal material, theoretically 
only 0.5% of their genome, and they are 
quite effective as mothers. 

The principal conclusion which follows 
from the evidence summarized in table 5 
is that the sterility of the backcross males 
depends upon the genotypes of their 
mothers and not upon their own geno- 
types. Females which carry at least one 
foreign chromosome produce sons all of 
whom are sterile, despite the fact that 
some of them must contain chromosomes 
of one race only and, thus, should be 
similar to non-hybrid males. On the 
other hand, in the same_backcrosses, 
mothers which did not carry a subspecies- 
foreign chromosome produced sons all 
of whom were fertile. The rule just 
stated does not apply to F, hybrid males, 
which are sterile despite the fact that 
their mothers do not carry foreign chro- 


mosomes. Presumably the genic im- 
balance in a hybrid female in some way 
impairs the cytoplasm contained in her 
eggs, so that the eggs fertilized by Y- 
bearing sperms develop into sterile im- 
agos, while those fertilized by X-bearing 
sperms are consistently fertile as adult 
females. 

Some attempts have been made to ex- 
plore, in a preliminary way, the distur- 
bances in the testes of the sons of hybrid 
females which cause the sterility. Testes 
of the F, hybrids and of backcross 
males were dissected in aceto-orcein and 
squashed under coverslips. Among the 
primary spermatocytes, many appeared 
to show a normal chromosomal pairing, 
since they contained three bivalents (two 
metacentric and one acrocentric). Other 
spermatocytes exhibited some lack of 
pairing, up to four univalents and one 
bivalent. No disturbance could be de- 
tected, at least with the method employed, 
in the early part of the first meiotic divi- 
sion. Nevertheless, late anaphases and 


TABLE 5a. Fractional and percentage dilution of the ‘‘Star’’ second chromosome in the sixth 


backcross generation. 


(See table 1 for formulae) 


Chromosome two 


Other chromosomes 


% Group I in % Group II or 
Group II Group II the entire III in the entire 
Group I or III Group I or III genome genome 
1 127 | 
— 
BC, 3 2 128 128 17.2 82.8 
Controls 
1 127 
— 9. 
BC, 0 1 128 128 0.5 99.5 
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telophases are, at least in some cells, 
grossly abnormal. The division is ap- 
parently never completed, and what seems 
to happen is the formation of a restitu- 
tion nucleus, which then degenerates. 
No cells in the second meiotic division, 
however abnormal, were ever found. 

This situation is distinctly reminiscent 
of the male hybrids between D. pseudo- 
obscura and D. persimilis (Dobzhansky, 
1934 and 1951). Here too, “The meiotic 
chromosome pairing is variable; no uni- 
valents, some univalents, or only uni- 
valents may be present at the first meiotic 
division. Irrespective of the numbers of 
the bivalents and univalents formed, only 
a single very abnormal meiotic division 
takes place.” Furthermore, these two 
cases agree in that the disturbances of the 
reproductive systems of the males are 
confined to the gonads, and the remaining 
parts of the reproductive system are 
normal. The paragonia of the sterile hy- 
brid males contain the same binucleate 
cells that can be found in the paragonia 
of normal males. Suffice it to say, at this 
point, that nothing even approaching a 
mature spermatozoon has been seen in the 
F, males. 

The males obtained in the experimental 
backcross generations offer an unusual 
cytological picture. As shown above, 
these males are always sterile, and their 
testes are so rudimentary that often indi- 
vidual cells within the testicular sheath 
cannot even be recognized. Greater ab- 
normalities in the backcross males than in 
the F, males arise evidently because the 
former are the sons of hybrid females, 
while the latter are not. It seems that 
the condition of the males does not always 
improve with repeated backcrosses to one 
parental species, as it does in so many 
other hybrid crosses (e.g., D. pseudo- 
obscura X D. persimilis). Yet, the small 
degree of sperm motility that was achieved 
in a few backcross males, where the testes 
were not rudimentary, was never found in 
F, males. Clearly, a more detailed 
adequate cytological analysis is called for. 


DISCUSSION 


Hybrid sterility, i.e. failure to produce 
functional gametes, is a usual, though 
not invariable, property of hybrids be- 
tween fully formed species. Like other 
reproductive isolating mechanisms, hybrid 
sterility admits of degrees; not infre- 
quently only one of the sexes is sterile 
and the other fertile; or else, the sterility 
may be incomplete or may appear only 
in some environments but not in others. 
More important still, the sterility of dif- 
ferent hybrids is produced by different 
causes. At least four types of hybrid 
sterility have been recorded, as follows 
(Dobzhansky, 1951): 


1. Chromosomal sterility, wherein dif- 
ferences in the gene arrangements 
in the chromosomes of the forms 
crossed lead to mechanical difficulties 
in the meiotic pairing and disjuric- 
tion of the chromosomes in the 
hybrids. 

2. Genic sterility, caused by dis- 
cordant genic endowments  con- 
tributed by the parents of the hybrid, 
resulting in a_ physiological dis- 
turbance of the process of gameto- 
genesis. 

3. Cytoplasmic sterility, which results 
in failure of gametogenesis in indi- 
viduals developing from eggs de- 
posited by mothers of certain genetic 
constitutions. 

4. Intersexuality, where the hybrids 
are sterile because they are neither 
fully formed females nor males. 


The sterility of hybrids between the 
subspecies, or incipient species, of Dro- 
sophila paulistorum is of particular inter- 
est because the reproductive isolation be- 
tween these forms is presumably in the 
process of development. These forms are, 
at our time level, in a state of transition 
between race and species (Dobzhansky 
and Spassky, 1959). The evidence pre- 
sented above shows that the genetic basis 
of this sterility is a rather unusual one. 
All males developing from the eggs de- 
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posited by hybrid females are sterile, 
although some of these males, even in the 
first backcross, should carry chromosomal 
complements consisting of chromosomes 
of a single subspecies. The sterility 
would, accordingly, seem to be of cyto- 
plasmic origin, superficially resembling 
that discovered by Laven (1953, 1959) in 
hybrids between geographic races of cer- 
tain species of Culex mosquitoes. <A 
closer scrutiny shows, however, that this 
resemblance is indeed superficial. In D. 
paulistorum the sterility of a male is not 
caused by an incompatibility of a chromo- 
somal complement of the individual with 
self-reproducing cytoplasmic constituents 
inherited through the maternal line. It is 
caused, rather, by the genotype of the 
mother so altering the properties of the 
eggs she produces that the male zygotes 
which develop from them are sterile re- 
gardless of the chromosomal complement 
which they themselves come to possess 
after fertilization. At the same time the 
female zygotes developing from the same 
eggs grow into apparently fully fertile 
females. In contrast to Laven’s mos- 
quitoes, the sterility in D. paulistorum is, 
therefore, at bottom genic sterility, not 
cytoplasmic sterility. 

One has to look elsewhere for an 
analogy to the sterility mechanism found 
in the inter-subspecific hybrids in D. 
paulistorum. Spurway (1946, 1948) re- 
ported an extreme example of a delay in 
gene action causing sterility in a mutant 
of D. subobscura, appropriately named 
“grandchildless.” According to Spurway, 
“An autosomal recessive gene, grand- 
childless, causes no change in the pheno- 
type of flies homozygous for it. But in 
the progeny of homozygous females, no 
matter by what father, all females have 
rudimentary ovaries, and are sterile, while 
98.4% of the males have no testes . . 
That the mother but not the father is in- 
fluential in determining whether a culture 
shall be sterile suggests that the character 
is determined by the maternal genetic 
constitution and not by the constitution of 
the abnormal flies.” Spurwav’s description 


of the situation is fully applicable to D. 
paulistorum, except for the fact that in the 
latter the sterility affects males only and 
leaves the females quite normal. 

The grandchildless condition in D. sub- 
obscura is apparently due to a single 
recessive gene. This is not so in D. 
paulistorum. Perhaps the most remark- 
able, and unexpected, aspect of the situa- 
tion in the latter species is that the 
presence of any one of the three chromo- 
somes, as well as all of the three chromo- 
somes together, combined with a chromo- 
somal complement of a foreign subspecies 
is sufficient to make a female deposit eggs 
developing into sterile males. It is as if 
every chromosome pair carried, in the 
different subspecies, complementary domi- 
nant genes, the interaction of which pro- 
duced a grandchildless condition. Such 
a mechanism is, as far as the writer is 
aware, unprecedented either in species 
hybrids or within a single species. 


SUMMARY 


Male hybrids between subspecies, or 
incipient species, of the Drosophila paulis- 
torum complex (Centro-American, Ama- 
zonian, and Andean-South Brazilian) are 
completely sterile. Hybrid females are 
fertile and can be backcrossed to either 
subspecies. Experiments have been made 
with chromosomes of the different sub- 
species marked by suitable marker genes 
which permitted the distribution of a 
given chromosome to be followed through 
a series of repeated backcrosses. The 
evidence is consistent with the view that 
any female which carries any mixture of 
the chromosomes of different subspecies 
deposits eggs giving rise to sterile male 
zygotes and to fertile female ones. The 
sterility of a male depends, in the back- 
crosses, on the genetic constitution of his 
mother, and not on his own genetic 
constitution. In other words, the proper- 
ties of an egg are determined, as far as 
the sterility of the backcross males is con- 
cerned, by the genotype present in it be- 
fore meiosis, and not by that formed 
following fertilization. It should be noted 
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that the presence in the mother of just one 
subspecies-foreign chromosome is already 
sufficient to make it produce sterile sons. 
The situation in D. paulistorum is com- 
pared with that in the “grandchildless” 
mutant in D. subobscura, and with that 
in the hybrids between certain subspecies 
of Culex mosquitoes. It is in several 
respects different from either, and seems 
to be unprecedented in the genetic 
literature. 
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Three geographical population groups 
have been described for plants of Trillium 
kamtschaticum distributed in northern 
Japan (Kurabayashi, 1957). These 
groups meet at the Ishikari Depression 
where migrations occur among them 
(fig. 1). The migration was investigated 
in detail by comparative analysis of 
chromosome composition among popula- 
tions of this plant distributed along and 
near the Depression. The method of 
analysis was the same as that described 
by Haga and Kurabayashi (1953). The 
results obtained will be reported in the 
following. 


MIGRATIONS ACROSS THE ISHIKARI 
DEPRESSION 


A dozen populations distributed along 
and near the Ishikari Depression were 
chosen for examination of the migrations. 
Six populations were investigated in the 
northern and southern part of the De- 
pression: Nk, Np, My, Sg, Ss and En 
in the northern part; and Ni, Sr, Hg, Nn, 
Nb and Tm in the southern part (fig. 1). 

The composition of the twelve popula- 
tions in respect to chromosome types is 
shown in table 1. It is clearly seen from 
this table that populations examined in the 
northern part differ greatly in chromo- 
some composition from those chosen for 
analysis in the southern part. Seven of 
the forty-four chromosome types, which 
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were found in the six populations ex- 
amined in the northern part, were in- 
cluded in all, four in five, four in four 
and one in three populations. On the 
other hand, only one of the forty-one 
types, which were detected in the six 
populations analyzed in the southern part, 
were found in all, none in five, one in 
four and three in three populations 
(table 1). It is evident from these data 
that the populations distributed in the 
northern part of the Depression reveal a 
greater degree of interpopulational homo- 
geneity than those in the southern part, 
where interpopulational heterogeneity is 
conspicuous. The interpopulational ho- 
mogeneity in the northern part must 
be maintained by genetic continuity 
among the populations, while the hetero- 
geneity in the southern part is an 
indication of genetic discontinuity. 

N. T. C. values ° obtained between the 
populations of the northern and southern 
part of the Depression also revealed 
marked differences (table 2). The values 
of populations from the northern part 
varied from 2.4 to 3.4 with an average of 
3.0, while those of populations from the 
southern part ranged from 1.0 to 2.8 with 
an average of 1.6. 

For the purpose of representing clearly 
the mode of migrations across the Ishikari 
Depression, chromosome types were di- 
vided into nine categories according to 


their origin (Fukuda & Kozuka, 1958, 


5 Homogeneity of chromosome constitution 
in a given natural population is expressed by 
number of types per chromosome: N. T. C. 
= total number of chromosome types found in 
samples of a given population/5. Here 5 is 
the number of homologous chromosome pairs 
of this plant (Hiraizumi, 1956). 
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Fic. 1. Fan diagram representing chromosome composition of populations and subgroups 
of populations belonging to North, South and East population groups together with that of 
populations distributed in the Ishikari Depression. For convenience in drawing the figure, 
chromosome types whose frequencies do not attain more than five per cent of the total found 
in a given population or subgroup of populations were omitted from the diagram. A black 
dot represents a population and an empty one a subgroup of populations. The fan diagram at 
the upper right in the map represents nine categories of chromosome types distinguished 
according to their mode of distribution. N, E and §: chromosome types which are restricted 
to North, South and East. NE, SE, and SN: those commonly found in North and East, 
South and East and South and North. C: those found commonly in the three population 
groups. I: the types found restrictedly among populations in the Ishikari Depression. Sr: 
those found in Sr and neighboring populations. 


and table 3 in this paper). One can then 
construct a fan diagram representing the 
chromosome composition of each of the 
populations examined in the Ishikari De- 
pression (fig. 1). The chromosome 
composition of populations and subgroups 
of populations in North, South and East 
population groups (Kurabayashi, 1957) 
are also shown for comparison. 
Population Ty and subgroups AO and 
SZM which belong to East are character- 
ized by types endemic to this population 
group: the frequency of the endemic types 
(E) attaining more than half of the total 
ones detected in each. More than three 


quarters of the chromosome types ex- 
amined in FK and RKOa and about half 
of those in RKOb are characterized by 
N types which are endemic to North. 
The populations belonging to South, 
namely, 7n and Yk reveal the highest 
interpopulational discontinuity among 
those of the three populational groups. 
The genetic continuity, however, is indi- 
cated by the maintenance of a few endemic 
types, S’s (Kurabayashi, 1957, and 
Fukuda and Kozuka, 1958). The popula- 
tion groups, East, North and South, 
meet at the Ishikari Depression across 
which migrations have occurred. 
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The chromosome composition of popu- 
lations distributed in the northern part of 
the Depression is influenced mostly from 
North. Frequency of types belonging to 
N, NE and SN account for more than 
half of all the types included in these 
populations, and the types of N are found 
in all the six populations in high frequen- 
cies (more than a quarter of the total in 
each). Migration from South is less 
conspicuous than that from the North 
and the types belonging to S attain more 
than five per cent only in two of the six 
populations. East contributes the least in- 
fluence and E types attain more than five 


per cent only in population Ss. (This 
grows natively in the Botanical Garden of 
Hokkaido University. However, a trans- 
plant station of Trillium has existed since 
1942 in this Garden. The first transplan- 
tation of T. kamtschaticum was made 
from Sz (belonging to East) in 1942. 
Therefore, it is likely that some of the 
E types found in this population may be 
introduced artificially, because the exami- 
nation of chromosome composition of Ss 
was carried out in the year 1954, viz., 
after 11 flowering seasons since the first 
transplantation.) Several types which are 
endemic to the Depression (I) are found 


TABLE 1. Chromosome composition of natural populations distributed in the Ishikari Depression 


Populations 


Northern part 


Geographical 


Southern part 


Chromosome Type group Nk Np My Se _ Ss_ En Ns Sr Hg Nun Nb Tm 
A 1 N 26-— 5 DBD 10 — — 18 
38 SN 8§ 188 — 6-— 1 300C 58 16 — 
13 Ss — 4 iil i- 
29 E —- —- - - 
53 I 14 14 15 29 2 12 
14 Sr —— - - 
16 N = — 8 
1 SN - —— 3 6 — 
17 E — — 1 — 
Sr @ — 3 
8 Sr — 
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TABLE 1. Chromosome composition of natural populations distributed in the 
Ishikari Depression—( Continued) 
Populations 
Northern part Southern part 
Geographical 
Chromosome Type group Nk Np My Sg Ss En Ni Sr Hg Nn Nb Tm 
10 N — —- — — 8% 1— 
6 SN 40 33 6 45 26 15 30 100 11 8 15 18 
9 SE — — —- — 
13 E —- — — — 2— — 
1 E —- —- — 1 
4 E —- — — 2— — 
D 1 N 43 19 8 35 21 15 _- — 30 — 18 
3 Ss — 21 2-— 5 9 30 27 11 39 — — 
E —- 4— — — 17 — 
14 E —- — — — 
11 I —- 6— —- 3 — 
15 I — 9 11 — — — 
16 I — 1 —- — — 12 — 
9 Cc —- 2—- — —- — — 
E 19 N 1- - - - 
17 N — I — — — 8 
9 N — — — 10 
2 Ss — 100 11 — — — 
1 SE FTF — — 4 146 — 
3 SE 1 11 — 3 12 12 30 — — 43 — — 
10 NE & F 1 —- — — 
6 Cc 2— —- 4—-— 
Total chromosome sets 44 40 20 50 36 24 30 100 11 92 16 18 
in five out of the six populations in fairly ter of the chromosome types found in 


high frequencies. Each of the populations 
in the northern part includes types belong- 
ing to more than four categories, each of 
which contained types with a total fre- 
quency of more than five per cent. The 
proportion of types belonging to the 
different categories differs from popula- 
tion to population. The difference, 
however, is far less in degree than is 
found in populations examined in the 
southern part. 

Migration from South is clearly evi- 
dent in four out of the six populations 
examined in the southern part. The 7m 
population is overwhelmingly comprised 
of elements of North. More than a quar- 


Sr are the ones inherent to the popula- 
tion. The types endemic to the De- 
pression are included only in the popula- 
tion Vb. The Nn population has the ele- 
ments of N and E. The latter is restricted, 
in the southern part, to this population. 
The categories represented and their fre- 
qencies differ greatly among the popula- 
tions, as just described, indicating a 
marked interpopulational heterogeneity. 


DISCUSSION 


Migrations across the Ishikari Depres- 
sion have occurred in different manners 
between the northern and southern parts, 
as described above. Considering the geo- 
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TABLE 2. N. T. C. values in natural populations of T. kamtschaticum 


Distribution area 


Population Population & 


Population group subgroup x, 
Northern part of the Nk 3.0 
Ishikari Depression Np 3.0 FK 1.2-2.2 
My 2.8 North RKOa 1.2-1.7 
Sg 3.1 RKOb 1.2-2.3 
Ss 3.4 
En 2.4 South Yk 1.7 
Tn 3.5 
Southern part of the Ni 1.0 
Ishikari Depression Sr 2.0 AO 3.9 
Hg 1.0 East Ty 3.0 
Nn 2.8* SZM 4.2 
Nb 1.7 
Tm 


* The N. T. C. value of Nn was erroneously given as 2.2 in the previous paper (Kurabayashi, 


1958, p. 298, table 5), and was corrected here. 


** The N. T. C. value of Tm was revised from the previous one on the basis of additional data: 
the number of plants examined in this population being increased from 4 (Kurabayashi, 1957, pp. 
40-45) to 9 (Fukuda and Kozuka, 1958, p. 295, Appendix, table 16). 


graphical position (fig. 1), it is not 
surprising that the populations in the 
northern part of the Depression are in- 
fluenced mostly from North, while those 
in the southern part include elements ori- 
ginating from South. Contributions from 
East are smaller than those from North 
and South. It seems that the Hidaka 
mountain range, which terminates at the 
cliff of Mt. Apoi (fig. 2), may have acted 
as an effective barrier preventing migra- 
tions from East. The Depression was 
repeatedly submerged during Interglacial 
Ages. The most recent connection be- 
tween the northern and the southern parts 
has been established in the last few 
thousand years. The accumulation of 
river sediments under conditions of a 
somewhat lower sea level has been the 
main factor responsible for the connection 
of the northern part. Thus habitats suita- 
ble for this plant have developed there 
allowing continuous migrations from 
North. On the other hand, the connec- 
tion in the southern part has been pro- 
moted by products of volcanoes on the 
south-western side of the Depression 
(fig. 2). The accumulation of fresh 
products of volcanoes must have de- 
stroved most suitable habitats. Thus the 


migrations in the southern part might 
have been fragmental ones interrupted by 
volcanic activities. Repeated showering 
by volcanic ashes must have kept the ef- 
fective size of populations of this plant 
small. It might also be that populations 
would frequently have been eliminated by 
eruptions of volcanoes and then re- 
established between eruptions from a 
meager seed source that may have sur- 
vived (cf. Stebbins, 1950, pp. 147-148). 

Continuous migrations in the northern 
part naturally have resulted in inter- 
populational homogeneity among popula- 
tions distributed there, while fragmental 
ones in the southern part have brought 
about interpopulational heterogeneity. The 
heterogeneity may also be conspicuous in 
the case of chance survival passing 
through a bottle neck provided by a 
voleanic eruption. The difference in con- 
ditions of migration and habitation (see 
above) is also responsible for the dif- 
ference in N. T. C. values, larger values 
being found among populations in the 
northern part, while smaller ones are 
found among those in the southern part 
(table 2). 

The distribution of types endemic to 
the Depression (I) seems also to be in 
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accord with the ecological conditions de- 
scribed above. These types are included 
in all the populations examined in the 
northern part (table 1), while they are 
restricted to one population (ND) in the 
southern part. It may be possible that 
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these types recently became established as 
a result of mutation and selection. The 
populations in the northern part are so 
large that the observed types may be the 
result of mutation and selection, while 
random genetic drift may have eliminated 


TABLE 3. Grouping of chromosome types according to their origin * 


Chromosome Type and category 

A 1 N 15 E 29 E 43 E 
2 E 16 E 30 E 44 E 

3 E 17 E 31 E 45 E 

4 E 18 N 32 E 46 E 

5 E 19 E 33 E 47 E 

6 E 20 E 34 E 48 E 

7 E 21 SE 35 E 49 E 

8 E 22 S 36 E 50 I 
Y E 23 E 37 E 51 N 
10 E 24 Cc 38 SN 52 N 

Il C 25 Cc 39 E 53 I 
12 E 26 E 40) E 54 N 

13 S) 27 E 41 E 55 E 

14 Sr 28 E 42 E 69 Cc 

B 1 SN 7 Ss 12 SE 17 E 
2 Cc 8 Sr 13 N 18 E 

3 Cc y N 14 E 19 Ss 

4,5 E 10 Cc 15 N 20 Cc 
6 Sr 11 Sr 16 N 21 N 

Cc 1 E 5 E 9 SE 13 E 
2 E 6 SN 10 N 14 E 

3 E 7 E 11 N 15 E 
4d E 8 E 12 N 17 N 

D 1 N 5 E 9 Cc 13 E 
2 E 6 E 10 E 14 E 

3 S 7 S 11 I 15 I 

4 E 8 E 12 E 16 I 

E 1 SE 6 Cc 11 E 16 E 
2 S 7 Ss 12 E 17 N 
3 SE 8 E 13 E 19 N 

4 E 9 N 14 E 
5 Cc 10 NE 15 E 


* The method of grouping of types into each of the categories is the same as that adopted in the 


previous paper (Fukuda and Kozuka, 1958). 


Some additions and revisions, however, were made in 


grouping the types with reference to the results of the population analysis carried out in 1958. 


Additions: A-69 Revisions: 
B-19 Chromosome 
B-20 type Prerevised Revised 
A-SI I N 
E-19 A-52 I N 
B- 9 I N 
E-76 E Cc 


E-10 was corrected from SE to NE because the former was a misprint. 
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Fic. 2. A simplified map showing volcanoes and mountains in Hokkaido. The Hidaka 
mountain range is shown by a thick line drawn from north to south across the southern 


half of central Hokkaido. 


the majority of mutant types from the 
populations in the southern part where 
limitation in population size is conspicu- 
ous. It is also possible, however, that 
some of the types belonging to this cate- 
gory are migrants from other districts, 
because not all the populations of this 
plant have yet been examined. 

In conclusion, the conditions realized 
among natural populations of 7. kamt- 
schaticum examined in the northern and 


southern part of the Ishikari Depression 


indicate various modes of interactions 
between natural selection and random 
genetic drift (used in a broad sense; cf. 
Dobzhansky and Pavlovsky, 1957) in the 
course of migrations. Continuous migra- 
tions taking place in a continuous habitat 
may lead to an equilibrium. Each of the 
migrant chromosome types may be re- 
tained in a given population at a balance 
between migration pressure and selective 
advantage. When migrations are inter- 


rupted and habitats become discontinuous, 
the balance is broken and random genetic 
drift starts. Chance survival of colonies 
in isolated areas may promote discon- 
tinuity, because these colonies are apt to 
be different from each other from the 
time that they are re-established. The 
marked interpopulational heterogeneity 
among populations examined in the south- 
ern part of the Depression may, therefore, 
represent the result of chance survival 
under conditions of a limited supply of 
genetic variability. If chromosome types 
from different regions are present in small 
populations in various frequencies, one or 
a few of the types may survive and be 
fixed in each of the populations due to 
random genetic drift which will begin to 
operate at once with cessation of migra- 
tion. Selection may then act in such a 
limited manner as to result in fixed 
adaptation (Kurabayashi, 1958) to a 
certain adaptative peak available to 
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each population. The habitats of 
T. kamtschaticum are more _hetero- 
geneous in the southern part than in the 
northern part in respect to edaphic con- 
ditions, because of volcanic activity in the 
former. This divergence might have pro- 
moted the interpopulational heterogeneity 
among the populations in the southern 
part leading to fixed adaptation in each 
population, 


SUMMARY 


Three geographical population groups, 
North, South and East, of Trillium 
kamtschaticum distributed northern 
Japan meet at the Ishikari Depression 
where migrations have occurred among 
them. The migrations were examined by 
comparative analysis of chromosome 
composition in natural populations of this 
plant found there. 

In the northern part of this Depression, 
where river sediments have afforded 
habitats suitable for this plant, continuous 
migrations from North were conspicuous. 
The populations examined there were 
large in size and revealed interpopula- 
tional homogeneity. 

Each of the populations distributed in 
the southern part of the Depression was 
small in size and high in intrapopula- 
tional homogeneity. Their chromosome 
composition, however, differed greatly 
from one another. Such situation may be 
the result of random genetic drift pre- 
ceded by chance survival of populations 
in areas subjected to volcanic activities, 
which have deprived this plant of its 
habitats. Migrations in this region have 
been fragmental because they were dis- 
turbed by eruptions of volcanoes situated 
on the south-western side of the De- 
pression, 
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The results of the comparative exami- 
nations carried out in the present study 
elucidated various modes of interactions 
between selection and random genetic 
drift in the course of migrations. The 
influence of the former was apparent in 
the northern part, that of the latter was 
markedly evident in the southern part of 
the Ishikari Depression. 
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In the foregoing paper of this series 
(Fukuda et al., 1960), migrations among 
natural populations of Trillium kamt- 
schaticum across the Ishikari Depression, 
a narrow depressed area connecting the 
southern part of Hokkaido with the 
central part, were investigated. The 
present paper deals with migrations that 
have taken place in the north-eastern 
region (Kitami Province) of Hokkaido, 
where the northern population group 
(North) of this plant borders on the 
eastern one (East). The front of the 
contact of these two groups ranges from 
the seashore of Okhotsk, passing through 
the interior of Kitami Province, to the 
central part of Hokkaido, where volcanoes 
of central Hokkaido divide the two 
groups (fig. 2 in Fukuda et al., 1960 and 
fig. 1 in the present paper). Seven 
populations, Ke, Op, Sk, Ab-1, Ab-2, Mb 
and Tp, distributed in the coastland facing 
the sea of Okhotsk and two, Bk and Ot, 
from the coastland of Nemuro Province, 
were chosen for examination. Also, four 
populations Eg, Ok, An and At, were 
taken from the interior of Kitami Prov- 
ince (fig. 1). The migrations were 
examined by making analyses of chromo- 
some composition of these populations. 


EXAMINATION OF THE MODE 
OF MIGRATIONS 


Chromosome composition of the popu- 
lations examined is shown in table 1. 
Here the chromosome types of each pair 
are grouped into nine categories accord- 
ing to the origin of each type (Fukuda 
and Kozuka, 1958). The majority of the 


Evo.tution 14: 232-237. June, 1960 


types fall into six categories: SN, N, 
NE, SE and C. SN and N are the 
categories established in North (northern 
population group) and E and SE are 
those in East (eastern population group). 
The frequencies of the former among 
populations distributed in the coastland 
of Okhotsk go down, in chromosome A, 
C and D, from north-west to south-east 
along the coastline, while those of the 
latter change in the reverse direction. 
No such clinal changes are seen in 
chromosomes B and E. It is supposed 
that the presence of types belonging to the 
category C in B and that of NE in E may 
interfere with the manifestation of clinal 
changes (fig. 2). The populations taken 
from the interior of Kitami Province are 
also composed mostly of chromosome 
types belonging to the six categories 
mentioned above. The populations from 
the coastland of Nemuro Province are 
derived more from East than the others. 

Chromosome types belonging to cate- 
gories other than the above six were 
found in 10 out of the 13 populations 
examined. The fact that types belonging 
to I, S and Sr are found there throws 
some doubt upon the method of grouping 
of chromosome types adopted here and 
elsewhere (Fukuda and Kozuka, 1958). 
The frequencies of these types, however, 
are so small that re-examination of the 
grouping method should be postponed 
until we can obtain sufficient data for the 
re-examination. A total of 51 types of 
chromosome A were omitted from the 
grouping in population Tp and Bk. They 
are, at present, found only in these popu- 
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A map of Hokkaido showing localities (black dots) where natural populations of 
T. kamtschaticum chosen for the present investigation were taken. 


Chromosome composition 


of the populations are represented with fan diagrams in which different types of each 
chromosome pair are grouped into nine categories indicated in the upper left of this figure. 
When a total frequency of types belonging to a category in each population does not attain 
5 per cent of the total types, the category is omitted from the drawing. 


lations. 34 out of the 51 types carry 
an arm of type 3/1 (fig. 1 in Fukuda and 
Kozuka, 1958). We are not yet sure 
how widely this arm type is distributed, 
because there are many populations of 
T. kamtchaticum left unexamined in the 
area from which these two populations 
were taken. However, it seems likely 
that this arm may not belong to a cate- 
gory other than E, because it has three 
euchromatic dots in its differential seg- 
ment, and no three dotted arm types were 
found among natural populations in 
North and South (Kurabayashi, 1957). 

For the purpose of representing the 
mode of migrations clearly we have shown 
the relative frequency (per cent) of 
(SN +N), NE and (E+ SE) in each 
population with rod diagrams (fig. 2). 
Mixed composition and the clinal changes 
in frequencies of types belonging to the 
three groups may evidently be seen. An- 


other attempt was made to show chromo- 
some composition in each population with 
fan diagrams (fig. 1). 


DISCUSSION 


The evidence of migrations between 
North and East is clearly seen in table 1 
and figures 1 and 2. The migrations are 
continuous ones, especially along the 
coast of Okhotsk where northern and 
eastern elements alternate with each other, 
forming a geocline. It is interesting to 
note (see bottom of fig. 2) that the 
N. T. C. values (cf. Hiraizumi, 1956) of 
the coastland populations also reveal a 
clinal change increasing from north-west 
to south-east along the coastline of 
Okhotsk. The increase in N. T. C. 
values is supposed to have been brought 
about by increase in population size from 
north to east. This is convincing if we 
examine the difference in vegetation be- 
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tween northern and eastern Hokkaido. 
The regression of conifers, which are 
Hokkaido, 
towards eastern Hokkaido where decidu- 
ous woods cover hills and lowlands, pro- 


predominant northern 


vides abundant and large habitats for 
T. kamtschaticum. This plant prefers. 
half shade in thin deciduous woods rather 
than the dense shade of conifer or mixed 
deciduous woods. 


TABLE 1. Chromosome composition of natural populations of T. kamtschaticum 
distributed in north-eastern regions of Hokkaido. 


Geographical 
Chromosome Type group 


Populations 


Inland of Kitami 


Coastland 
Coastland of Okhotsk of Nemuro 


Eg 


Ok 


Ke Op Sk Abi Ab2 Mb Tp Bk Ot 


A 38 SN 
1 

18 

52 

51 


3 
31 
44 
28 


we 


A000 


| 


— 917 2 206 4 4 
1419 14 10 6 20 1 
—— § 7— 2 1 
—— 4—— 0 1 


| 
| 


— 2 
2 
— 33 1 
5 — 


* A total frequency of types belonging to E found in population Ot and not in the others listed in 
this table (cf. Fukuda and Kozuka, 1958, Appendix table 34). 

+ These types were not grouped in any of the nine categories because the types were found only in 
populations Tp and Bk, both of which are taken from the district where many populations of T. 


kamtschaticum are left unexamined. 


t These types have not been revised from the original categories, because their frequencies were 


always small in the populations examined here. 


§ These types were omitted from grouping because each of them was found only once in a single 


population. 
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TABLE 1. Chromosome composition of natural populations of T. kamtschaticum 
distributed in north-eastern regions of Hokkaido.—( Continued) 
Populations 
Coastland 
Inland of Kitami Coastland of Okhotsk of Nemuro 
Geographical 

Chromosome Type group Eg Ok An Kt Ke Op Sk Abi Abe Mb Tp Bk Ot 
17 N z2-- — § 19 17 — — — 

10 N 2 — 8 119 — 1 — 

11 N — 2— 1 —_ — 

13 E — — — § W@W 27 1 20 

D 1 N a 6 BB 14 28 40 42 29 44 23 25 9 

4 E — 3 3 13 1 

5 E —- — 2 16 — 90 

3 St —- —- 3 — 1 — 

E 19 N — 19 — — — — — — 12 18 — —_- — 

10 NE & t= @& @ 14—-—-—- — — — 49 9 34 

11 E 1449 2— — 20 14 2 13 § — —_-_ — 

1 SE 1 7 14 10 —- § 26 22 6 20 1 — 30 

3 SE 7 1 4— — 6 Ii 17 36 

6 C 1 i-— — — — 

Total chromosome sets 28 40 50 12 14 28 40 42 32 52 62 26 100 


As discussed by the junior author 
elsewhere (Kurabayashi, 1957, 1958), 
populations in North have small N. T. C. 
values due to the interaction between 
random genetic drift and natural selec- 
tion. The effect of the former may be 
decreased with an increase in population 
size, while the latter may become more 
effective. Thus different equilibria be- 
tween selection and migration may be 


attained in each chromosome pair of 
different populations. 

The migrations among populations on 
the coast of Kitami Province may have 
taken place via the coastline along the 
slope of marine terraces. The pathway 
through the hinterlands may have been 
restricted by the dark conifer woods. We 
have then an example of directional 
migrations among populations in a row. 
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Manifestation of a cline ought to be most 
apparent in such linear migrations. On 
the other hand populations in the interior 
must have been exposed to migrations of 
various directions, and for this reason 
may have failed to form a geocline. 
The above mentioned clinal changes 
among the populations distributed along 
the coast of Okhotsk stands in sharp con- 
trast to the abrupt change in the southern 
part of the Ishikari Depression (Fukuda 
et al., 1960). This discontinuity was 
ascribed to a marked influence of random 
genetic drift, which has been promoted by 
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voleanic activities in the southern part. 
There are active volcanoes also in eastern 
Hokkaido (cf. fig. 2 in Fukuda et al., 
1960). Their products cover wide areas 
where some of the populations chosen for 
the present investigation were taken. We 
failed, however, to find any influence of 
the volcanic activities on reduction of 
population size. It may be that the depth 
of the cover of volcanic products was not 
sufficient to destroy this plant or that the 
entire area was not covered in any one 
eruption thereby permitting survival of 
populations of sufficient size to escape the 


Population 
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Fic. 2. Frequency (per cent) of types of (SN+N), NE and (E+SE) of each chromo- 


some pair in the 13 populations. 
from this table. 


Types of categories other than the above five are omitted 
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effect of random genetic drift. Eruptions 
of volcanoes of central and eastern 
Hokkaido have been none the less large 
in scale as compared with those of south- 
ern Hokkaido, where the eruptions have 
suffered marked influence upon the mi- 
grations across Ishikari Depression 
(Fukuda et al., 1960). In the latter case, 
however, the route of migration must have 
been blocked effectively at the bottle neck 
at the southern side of the depression. 
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SUMMARY 


Migrations between northern and 
eastern population group of Trillium 
kamtschaticum were examined by 
making comparative analysis of chromo- 
some composition among populations of 
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this plant distributed in north-eastern 
regions of Hokkaido. 

A fine geocline was demonstrated 
along the coastline of sea of Okhotsk. 
The cline is supposed to be maintained 
by a balance between selection and mi- 
gration pressure in each of the popula- 
tions, arranged in a row, from north-west 
to south-east along the coastline. 
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This is a report on the yearly frequen- 
cies since 1941 of blue and white flowered 
plants of Linanthus parryae, a conspicu- 
ous annual of the Mojave desert. Like 
most desert annuals, its abundance and 
dispersion varies greatly from year to 
year and from place to place in response 
to weather. The size of the breeding 
group would be expected to vary with 
these expansions and contractions. An 
initial survey (Epling and Dobzhansky, 
1942) suggested that the inheritance of 
color depends on one pair of alleles. 
Having these natural markers, the species 
appeared to be a useful subject with which 
to study the effects of selection and 
genetic drift. 

The initial survey sampled a naturally 
delimited area of about 600 square miles. 
Linanthus was extraordinarily abundant 
in 1941 and the population was almost 
literally continuous throughout the area 
(fig. 1). For the most part it con- 
sisted of white flowered plants. Three 
mixed areas were found, however, in 
which the color frequencies were locally 
highly variable. Only occasional blue 
individuals or small patches were ob- 
served in some parts of the white area. 
Subsequent sampling has shown that 
these mixed areas are persistent and 
that their limits have not materially 
changed. Four years sampling of the 
westernmost mixed area by the coarse 
method used in the initial survey also 
indicated that color frequencies tended to 
remain constant in very local populations. 
Permanently marked experimental plots 
were accordingly constructed within this 
area, which have permitted a systematic 
and detailed sampling of dispersion and 
flower color each year since 1944. 

The exact mode of inheritance of flower 


color is still uncertain. With very few 
exceptions, blue and white are readily dis- 
tinguished in the field and under cultiva- 
tion, not only in living plants but also by 
the dried corollas. Chromatograms indi- 
cate a well defined difference between 
white and blue flowers. Results from 
controlled breeding indicate without doubt 
that blue is dominant and that individuals 
are self-incompatible. But they also 
suggest that two complementary factors 
may be involved. We have been unable 
to obtain conclusive evidence of this after 
numerous trials because of the difficulty 
of maturing seeds in the coastal climate 
and because of an inherent property of 
the seeds, which delays their germination 
in nature sometimes for many years. 

The data we will present in this paper 
give no evidence of selection or of genetic 
drift, contrary to what was expected from 
the assumed differences in size of the 
breeding groups, after 17 yearly cycles 
during signal changes in the environment 
and drastic expansions and contractions 
of the population. We ascribe this static 
to protracted dormancy of seeds in the 
soil and their inherently different require- 
ments for germination. One consequence 
of differential germination is that the 
mating groups of each year, large and 
small, are comprised of individuals drawn 
from a gene pool that is contributed to 
by individuals matured under various 
conditions for at least ten yearly cycles. 
The effective mating group is accordingly 
much larger and less variable than would 
be the case if mating each year should be 
confined to the offspring of individuals 
produced the year before. 

We are indebted to Professor Sewall 
Wright for his sustained interest and 
counsel since the first sampling was made 
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in 1941 and for his time-consuming 
analysis of the raw data, as well as to 
Professor Edward Novitski. 


Tue HABITAT 


The area where we have studied 
Linanthus parryae lies to the north of 
the San Gabriel and San Bernardino 
Mountains along the southwestern margin 
of the Mojave desert (fig. 1). Linanthus 
and the majority of its associates in this 
region are confined to the upper gravelly 
slopes of the alluvial outwash carried 
northward into the generally dry Mojave 
River system. Its limits are outlined py 
the road grid. 

The vegetation is a geologically recent 
community segregated from the Madro- 
Tertiary Geoflora (Axelrod, 1958). It is 
dominated by Larrea divaricata (the 
creosote bush) sometimes interspersed 
with stands of Yucca brevifolia (the 
Joshua tree). The more common smaller 
shrubs are Franseria dumosa, Acampto- 
pappus  sphaerocephalus, Hymenoclea 
salsola, Ephedra nevadensis, Grayia 


spinosa and Ericameria cooperi.  Oc- 


casionally more transient bunch grasses 
are found, such as Oryzopsis hymenoides, 
Stipa speciosa and Hilaria rigida. 

Except at the upper margins of this 
alluvial plain, the northward gradient is 
gentle, but sufficient to permit sheet 
washing during the heavier winter rains. 
The result is a network of drainages be- 
tween the bushes that is scarcely notice- 
able on casual inspection, buttressed by 
the low mounds around each bush. It is 
in these shallow flat channels that 
Linanthus and most of its associated 
annuals are found, genera such as Oeno- 
thera, Canbya, Nama, Cryptantha, 
Pectocarya, Salvia, Eriophyllum, Malo- 
cothrix, Chaenactis, Coreopsis, and so on. 
Species for species, Linanthus is generally 
the most abundant. 


ANNUAL CYCLE 


Linanthus parryae is an annual, ordi- 
narily 2-5 cm tall in nature, with a 
slender stem and branches and _ small 


needle-like leaves. Its flowers are rela- 
tively large, 1.5-2 cm across. The 
number per plant is usually 1-4, rarely 
as many as 10. Its flowering period in 
nature is limited to a few weeks in April 
and early May, but is much longer in 
cultivation, where larger plants may 
produce as many as 500 flowers. Flower- 
ing begins more or less simultaneously 
for the whole population, so that the 
flowers of many plants are contemporary. 
With increasing heat, growth ceases and 
the seeds mature rapidly, being ready for 
dispersal in June. The tiny plants remain 
erect im situ until they are beaten down 
by the winter rains. The mature capsules 
are partly enclosed by the needle-like 
calyx lobes and sometimes by the dried 
corolla. The seeds, which are like fine 
pepper, are dispersed gradually after the 
gravelly soil surface has become consoli- 
dated by the heat. We have found some 
seeds in the capsules as late as December. 
Germination occurs in winter after the 
first sustained leaching rain when 
temperatures are lowest. Rarns sufficient 
to wet the soil to several inches depth 
sometimes occur as early as October when 
temperatures are generally high, but we 
have found no germination after them. 
Our experimental plants have been 
grown out of doors in gallon cans. We 
have scattered the seeds over the soil and 
have covered them lightly with fine sand, 
have put them in an open place in 
autumn, and have allowed them to await 
the onset of winter rains. This has given 
the most certain germination. Germi- 
nation is erratic and differs in amount 
from year to year and between the off- 
spring of wild individuals. Most plants 
that germinate grow to maturity. This 
seems also to be true in nature. The 
yearly differences in numbers appear to 
result more from differential germination 
in response to weather, than from differ- 
ential survival. Whatever the factors are 
that control germination, viable seeds 
persist in the soil for at least ten years. 
Yet, we have never had seeds germinate 
after the first year in cans. In years 
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unfavorable for germination in nature, 
the plants in flower are few and widely 
spaced but are usually of normal size and 
flower number. 

Our total experience suggests that for 
some reason Linanthus parryae is tied to 
an environment at the lower limit of its 
reproductive potential and persists there, 
in part at least, because of its faculty for 
seed storage. 


PATTERNS OF DISPERSION 


The local pattern of dispersion is 
greatly influenced by the characteristics 
of the plant community. This remains 
astonishingly uniform for years in respect 
of the gross characteristics of soil and the 
spacing of the perennials. The shrubs 
that are outlined in figure 2 seem scarcely 
to have changed in fifteen years. Very 
few if any new individuals have ap- 
peared, and growth is so slow as to be 
scarcely perceptible. Some of the smaller 
shrubs have died back in years of 
drought but have sent out new shoots 
later and some have perished; but their 
dead branches remain im situ for years. 
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Fic. 2. A chart representing 10 quadrats of an experimental transect. 
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One gets a tremendous sense of stability. 
The principal indication of change among 
the perennials is the appearance of an 
occasional bunch grass, such as Stipa in 
the detritis of the tiny mound that a 
shrubby Acamptopappus once occupied, 
or the appearance of an occasional short- 
lived herbaceous Eriogonum. 

The annuals, on the other hand, like 
Linanthus, may be abundant in one year 
and absent in another, and variable in 
density from place to place. In 1941, 
Linanthus formed an almost continuous 
carpet over hundreds of square miles, 
resembling a light fall of snow amongst 
the Larrea bushes. In 1950, 1951 and 
1959 it was completely absent from the 
region shown in figure 1 and doubtless 
elsewhere. Its dispersion, even in good 
years, is highly variable even over dis- 
tances of a few feet. This is illustrated 
in figure 2 which represents two segments 
of a transect we shall now describe. 

This transect was laid out in the spring 
of 1944 at the place indicated by A on 
figure 1. It is a half mile long and ten 
feet wide, and runs from west to east. 
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TRANSECT OF 260 QUADRATS 
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Fic. 3. The mean frequencies for 10 flowering seasons (along the transect described) of 
blue flowered plants (bar diagram). No plants were found in 1950 and 1951 and very few in 
1955 and 1956. Above: numbers of plants per square foot at point of greatest density per 


quadrat in 10 quadrats for 10 years. 


Iron stakes were driven into the ground 
at intervals of 200 feet parallel to the 
straight dirt road that services a power 
line between Pearblossom and Adelanto. 
The axis of the transect was established 
by stretching a steel tape between these 
stakes and its width was established by 
laying a ten foot surveyor’s range pole 
across the tape at intervals of ten feet. 
As each quadrat was initially established, 
the position and spread of the shrubs oc- 
cupying it were outlined on strips of 
paper two inches wide on which two inch 
quadrangles had been marked off and 
numbered, as shown in figure 2. The 
limits of each quadrat were readily and 
accurately identified in each succeeding 
year by using the tape, the range pole and 
the position of each kind of shrub. 

The fine dots in figure 2 illustrate the 
areas of greater density of Linanthus 
recorded in 1944. The absence of dots 
means only that the plants were too 
diffuse for a pattern to be perceived. The 
pattern that emerges is a reticulum me- 
andering in the open along the shallow 
flat drainages between the bushes. Pools 
of density are found near but not under 
some bushes. They contract and expand 
in size and density from year to year, but 
are usually perceptible. Small clusters of 
density often appear in the more diffuse 


quadrats, such as 194. Except for local 
and yearly fluctuations of this sort, the 
over-all pattern of densities observed in 
1944 has not changed perceptibly after 
fifteen breeding cycles. 

Two methods were used for sampling 
color frequencies, one on the transect and 
another on other plots which will be de- 
scribed presently. As we walked along 
the transect each year, delimiting each 
quadrat as described above, we put down 
a ring of wire at the place where the 
density was greatest. The ring en- 
compassed a square foot. The numbers 
of blue and white flowered plants within 
it were counted and recorded at the ap- 
propriate place on the work sheets. 
These places of record are indicated by 
the larger dots. The places sampled were 
in fact more clustered than indicated be- 
cause of limitations of space. Taken as a 
whole they illustrate the relative stability 
of the pattern of dispersion. The 
numbers of blue and white counted each 
year are shown in the columns on the 
right. They illustrate the expansion and 
contraction of the population from year 
to year and suggest a considerable vari- 
ation in the size of breeding groups in 
different quadrats and in different years, 
which would also depend on the ordinary 
range of pollen and seed dispersal. A\l- 
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though variable in number from quadrat 
to quadrat each year, the total number 
of plants tends to even out over greater 
distances in the long run. This is shown 
by the numbers for each series of 10 
quadrats given at the top of figure 3 and 
the curve below. 

The densities recorded and the pattern 
observed indicate that the species is 
generally adapted to the transect, and 
indeed to the whole area, but that its 
abundance is controlled very locally by 
factors that pertain to germination, even 
though no consistent differences of habitat 
are perceptible from quadrat to quadrat. 


MATING SYSTEM 


The flowers of Linanthus parryae are 
protandrous and the plants are essentially 
self-incompatible. Only occasional seeds 
are obtained by selfing, in contrast to 
generally full capsules after crossing. 
The pollen tends to cohere and is of a sort 
that would not usually be distributed by 
wind. Each flower remains open for two 
or three days. The corolla is light re- 
sponsive and folds loosely around the 
style and stamens shortly before sun- 
down, opening again after sunrise when 
the light has reached a certain intensity. 
The flowering period during which most 
pollination would be expected lasts about 
a month, depending on the weather, and 
reaches its maximum about mid-April. 
Occasional insects alight on the petals, 
but the chief, if not the only, pollinator 
appears to be a species of Trichochrous 
(Melyridae). (We are indebted to Pro- 
fessor E. Gorton Linsley for determina- 
tions.) This is a small beetle which is 
generally covered with golden pollen. 
Alighting on a corolla, it crawls past the 
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stamens and style and stops for a while 
in the tube. It will crawl out later and 
fly swiftly to another plant perhaps a 
foot away, perhaps 10 feet. Its flight 
pattern is erratic and difficult to follow, 
but seems to be limited. 

Wind seems to be a negligible factor 
in pollen transfer. During the flowering 
period, it is regularly on shore and gener- 
ally parallel with the transect. During 
the day the breeze is sufficient to cause 
the plants to nod in an easterly direction, 
suggesting a transfer along the transect, 
if any. If wird is a factor one would 
not expect the persistent differences in 
color frequencies year after year in 
adjacent quadrats unless one would in- 
voke extraordinarily strong local selec- 
tion. The whole data show otherwise. 

Total pollination, either of plants or 
flowers, is by no means completely ef- 
fected. It is so variable from plant to 
plant in a restricted locus, and so variable 
from place to place, and doubtless also 
from year to year in conjunction with the 
abundance and activities of the pollinator, 
that only an approximate estimate of the 
mean number of seeds per plant is possi- 
ble. The number of normally developed 
flowers on a plant that would be receptive 
to the pollinator, ranges from 1-15. 
Four random samples of dried plants in 
fruit were made in 1957, which was a 
fairly good year. Two samples from all 
white areas were made at Pearblossom 
and at Llano, and two from all blue areas 
were made at Pearblossom and the en- 
clave near Palmdale. The number of 
flowers on each plant was counted, 
distinguishing between those that had 
set seed and those which had_ not 
(table 1). 


TABLE 1. Flower and seed number 
Pearblossom Llano Pearblossom Palmdale 
white white blue blue 
Sample size 150 150 446 301 
Flowers per plant 2.06 4.14 1.64 1.86 
Sterile plants (%) 23.5 50.0 34.0 23.5 
Seeds per fertile plant 50.2 51.5 30.1 30.1 
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Fic. 4. Comparison of mean frequencies of blue flowered plants during the periods 1944-1947 
(solid line) and 1953-1957 (broken line), omitting 1955 and 1956. 


The consistent differences between 


seeds per plant would, at first glance, 
suggest a much greater prolificity of the 
white plants. They disappear, however, 
if one takes into account the disparities in 
the numbers of flowers and the propor- 
tions of unpollinated plants. These data 
probably mean that in some places and 
in some years a much greater seed set 
will occur in one class than in the other. 
What it would be in blue heterozygotes 
we have no means of knowing, inasmuch 
as we are unable, even with chromatogra- 
phy, to discriminate between them and 
the blue homozygotes. Taking into ac- 
count the whole data we have used the 
datum of 30 seeds per plant as the long 
term average. Its validity can be tested 
only after systematic sampling. 


PHENOTYPIC FREQUENCIES 


The mixed areas outlined in figure 1 
are the same as those shown in figures 1 


and 2 of Epling and Dobzhansky (1942). 
427 samples were made during that 
survey, roughly 160,000 plants having 
been counted. About 60% were all white 
(stations 48-102, 233-261, 293-340). No 
blues were found for 24 miles along the 
straight road from 293-340, nor along the 
bisecting road from 355-365. Only an 
occasional blue or a small cluster were 
observed elsewhere in the white areas. 
For example, 23 blues were found among 
40,000 plants in samples 29-134. The 
all blue counts formed not more than 1% 
of the total count. The mixed areas, 
however, are far from uniform, almost 
pure white occurring in some parts, 
variable proportions of blue and white in 
others, with occasional all blue enclaves 
of limited extent. 

Forty-four soil samples were made 
throughout the area from Palmdale to 
Lucerne Valley and the frequencies of 
associated shrubs were recorded at each 
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site. We are indebted to Prof. Martin 
Huberty for an analysis of the former 
and to Dr. Harriet Bonner for analysis 
of the latter. Nothing was found in re- 
spect of either vegetation or soil to dis- 
tinguish the mixed areas from the white 
areas. 

Three kinds of permanently marked 
experimental plots were set up in 1944: 
the transect, already described; three 
stations evenly placed in the western 
mixed area; and two elimination plots. 
Their positions are shown in figure 1 at 
A, B, and C. 

We shall first consider the frequencies 
of blue and white along the transect. 
The bar diagram in figure 3 gives the 
mean frequencies of blue for each quadrat 
from 1944-57. Linanthus was completely 
absent in 1950 and 1951 and the numbers 
were so small in 1955, 1956 and 1958 as 
to discourage the effort of recording 
them. The data therefore pertain to 10 
effective years during a period of 15 
growing seasons. The total sample 
consisted of 80,781 plants. 

The transect is oriented from west to 
east and is situated on the margin of the 
mixed area. Had it been projected east- 
ward somewhat farther it would then have 
entered the pure white area that extends 
for miles. Had the western end of the 
transect been swung southward some- 
what, it would have terminated in an all 
blue area, as we learned later. This is 
to say that an ovoid area is present near 
the transect of which the blue area shown 
is the northern extension, tapering quickly 
into an almost white area. The cline of 
frequencies illustrated has remained con- 
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flowered plants for each quadrat from 
1944-47 are graphed by the solid line in 
figure 4 and those from 1953-57 by the 
broken line. Significant deviations have 
occurred in some quadrats but have not 
persisted. Great fluctuations of weather 
and density have occurred meanwhile. 
The stability of the all blue homozygous 
enclaves is no less remarkable, grading 
abruptly as they do into mixed areas. In 
addition to the one already mentioned, 
and an isolated colony found near Acton, 
another was found in 1947 about 3 miles 
east of Palmdale, marked by the dot 
northwest of B (figure 1). In 1947 it 
consisted of an isolated patch of about 
10,000 plants, of which 3 were white. 
Ten years later, in 1957, Linanthus was 
fairly abundant in and around this area, 
which had been permanently marked. 
The all blue enclave was greater in extent 
than before, occupying perhaps an acre, 
but the plants were less dense. No whites 
were found except at its periphery where 
it graded rather sharply into a mixed area. 
The second method of sampling was 
done by counting all the blue and white 
plants within an area of 100 square feet, 
an area comparable to each quadrat on 
the transect. This was done by perma- 
nently marking plots of this size in 1944 
at A, Band C. Nine pieces of iron pipe 
were driven into the ground at each sta- 
tion in a cruciate form, 50 feet apart. 
Each year, a piece of cord of appropriate 
length was looped over each stake and 
was used to circumscribe 100 square feet. 
The proportion of each circle occluded by 
shrubs was similar to those of the 
quadrats, on the average, and the dis- 


stant. The mean frequencies of blue persion of the plants varied in a similar 
TABLE 2. Numbers of Linanthus per 900 square feet per year 
Year 1944 1945 1946 1947 1948 1949 1952 1953 1954 Total 
Station A 5,337 1,799 2,620 6,928 572 629 2,233 7,979 — 28,097 
Station B 9,560 1,970 1,961 3,092 572 243 514 2,779 3,410 24,101 
Station C 3,471 1,535 1,643 4,128 44 490 — 11,311 
Total 18,368 5,304 6,224 14,148 1,188 1,362 2,747 10,758 3,410 63,509 
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STATION A 


Fic. 5. Relative frequencies of blue (solid 
area) and white flowered plants at Station A 
for the years indicated by the key at the 
lower left. 


6 NEGLIGIBLE 


1944 


1946 1947 1948 1949 ile & 


\ 
1952 1953 


way. Station C was lost by the invasion 
of a trailer court in 1950 and Station B 
was partially destroyed by road construc- 
tion in 1955. So far as recorded, the 
data from these stations are not signifi- 
cantly different from those of Station A 
except in over-all relation frequencies of 
blue and white. The total counts 
recorded are given in table 2. 

The relative frequencies of blue and 
white for Station A each year from 1944 
to 1953 are shown in figure 5. The 
reader will recall that no plants appeared 
in 1950 and 1951. The limited area 
sampled by these stations appears to be 
uniform, but it is apparent that the fre- 
quencies of blue at plots 1 and 9 are 
significantly different from those of the 
others. Although significantly different 
frequencies were found on some plots in 


PROPORTIONS OF INDICATED SUBSAMPLES AT STATION A IN THE YEARS 1944-1953 


Fic. 6. Relative densities in the years indicated at five of the plots diagrammed in figure 5. 


| 
ace 
| com 
| 
| Z 
| 
| 
| O O | 
| 
| | 


THE BREEDING GROUP AND SEED STORAGE 


FIVE SEGMENTS OF TRANSECT 


t_bive 
90 - 
80 q e 
e 
70 + 
6o- ° 
e 
50 + 
@ 
40 + 
e 
30 | ee 
e 
ee 
1 LJ 
0 100 200 300 400 $00 600 700 


DENSITY PER SQUARE FOOT 


247 


FIVE SEGMENTS OF TRANSECT 
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100 
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Fic. 7. Left: a scattergram of frequencies of blue flowered plants (ordinate) and the 
densities per square foot where each sample was recorded, for the whole transect for 10 years. 
Right: the outlines of the same for each of five segments of the transect. 


different years, the usual frequency was 
restored later. On the whole, the fre- 
quencies in each plot remained much the 
same despite the expansion or contraction 
of the population and its dispersion from 
year to year, as indicated in table 2 and 
figure 6. 

This lack of correlation between fre- 
quencies of color and density even in 
very local populations is more clearly 
demonstrated in figures 7, 8 and 9. In 
making the work sheet of figure 7 the 
transect was divided into five segments 
of approximately equal length. The 
scatter diagram on the left represents the 
positions of the samples in all the quad- 
rats. Those of each segment were re- 
corded in a different color. The ovals 
at the right represent the limits of those 
in each segment, according to the color 
used. No correlation was found between 
the frequencies of blue and the density of 
the flowering population, measured in this 
case within the densest square foot, 
either over the whole transect, or its parts, 
which vary in the frequencies of blue from 


FREQUENCIES ALONG TRANSECT 
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Fic. 8. Comparison of frequencies of blue 
flowered plants along the transect in 1948, a 
year of low densities, and 1953, when densities 
were high. 
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Fic. 9. Above: a scattergram of frequencies of blue flowered plants at Station A from 


1944-1953, compared with densities. 


almost none to 80% or more. These re- 
sults were tested further by comparing the 
frequencies of blue in the years 1948 and 
1953. The populations of 1948 were 
small, those of 1953 were large (figs. 2 
and 6). Nevertheless, the relative fre- 
quencies of blue in these years were sub- 
stantially the same. When frequencies 
and densities at Station A are compared 
(fig. 9), no correlation is found, either 
in toto or by year (the ovals), even 
though much larger numbers of plants 
were counted in each plot than in the 
quadrats of the transect. 

The third experiment was set up in 
1948. It consisted of two elimination 
plots a few yards from stations A and B 
respectively, each of which consisted of 
3 subplots 50 feet apart, similarly devised 


Below: the same, outlined by year. 


to those of the stations A, B, C. The 
total number of plants was counted in 
each subplot each year, whereupon all 
were carefully pulled up while still in 
flower, and discarded. Thus, each yearly 
population of a circle was primarily if not 
wholly derived from seeds already de- 
posited. The upper numbers in the small 
circles in figure 10 give the frequencies 
of blue; the lower, the total number of 
plants each year. The frequencies of blue 
did not change substantially from year to 
year despite large changes in density. 
Furthermore, the plots show that seeds 
may remain dormant in the soil for at 
least seven years and that the number that 
germinate is variable each year. The 
results of this experiment are commensu- 
rate with our observations of the all-blue 
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area near Palmdale after a lapse of ten 
years when no plants appeared. 


TRANSPLANT EXPERIMENTS 


In November 1954, 20,000 seeds that 
had been harvested earlier that year from 
blue plants in an all-blue area near Acton 
were broadcast in an area remote from 
blue flowered plants (fig. 1) and the 
place was carefully marked. The seeds 
were thoroughly mixed with fine sand 
from the locality and the mixture was 
tossed into the air in such a way as to 
cover roughly 200 square feet in an open 
area adjacent to a large Larrea bush. 
Only white flowered plants were growing 
there and in the surrounding territory. 
When this plot was visited in April, 1958, 
23 blue flowered plants were found within 
the area, together with approximately the 
same number of whites. All were more 
or less evenly dispersed. Careful search 


1948 |949- 1/952 1953 1948 


1949- 1952 1953 1954 1948 
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throughout the surrounding _ territory 
found no blue plants at all. Although 
relatively sparse, the existing plants were 
vigorous and normal. There were no 
perceptible differences in vigor between 
the blues and the white; both carried 2-4 
flowers each. Nor was there evidence of 
migration beyond the area in which blue 
had been sown. This experiment shows 
beyond reasonable doubt that a pool of 
blue flowered individuals from some dis- 
tance can survive for at least four years 
within a white territory. Some of these 
blues were doubtless heterozygotes. The 
widespread area of the white homozygotes 
in which only occasional blues are found, 
suggest that the blues may be eliminated 
in the long course of time. 

Other reciprocal plantings have been 
made in which similar reciprocal ger- 
mination has regularly occurred, but the 
data are not yet sufficient for analysis. 
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ELIMINATION PLOTS 


Fic. 10. Elimination plots. 


Above in each small circle: frequencies of blue flowered plants in 


the years indicated; below: total number of blue and white plants counted. 
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PLANTS AND SEEDS PER SQUARE FOOT 
ESTIMATED SEEDS RE- 


ESTIMATED SEEDS RE- 
TOTAL SEED DEPOSIT COVERED 
TRANSECT PLANTS 1944-57 1958 1959 
| 64 8! 14,000 60 443 
93 466 
ty 14% 3% 
15,000 1,354 2,082 
<0) 444 505 
8s 
391 638 12,300 450 2,496 
| 216 
18% 20% 
* 11,600 485 1,826 
| L 280 389 
763 176 26% 16% 
‘86 
iss 13,000 800 1,673 
#5 604 350 48% 13% 


TOTAL SEED DEPOSIT COVERED 
TRANSECT PLANTS 1944-57 1958 1959 
13,600 522 3,424/2 
30% 12% 
10,000 680 1,197 
338 
57% 12% 
~ Nisa 9,800 500  2,299/2 
335 266 272 526 43% 12% 
a 
82 
10,400 +25 226 
: 120 11% 2% 
482 
4 357 288 35% 11% 
Pee. 


Quadrats 81-90 of the transect showing positions of seed samples and the 


resultant data. See text. 


THE SEED POPULATION 


The data from the controlled elimina- 
tion plots and our observations of the 
blue area near Palmdale, show that seeds 
remain viable in the soil for 7-10 years, 
and perhaps for much longer. There is 
no indication that the seed reservoir in 
any of the elimination plots (fig. 10) 
was nearing depletion after five seasons 
of active growth, and after as many as 
4,400 plants had appeared in one plot. 

Soil samples to determine seed storage 
were accordingly made in ten quadrats in 
the segment of the transect where the 
greatest number of plants had_ been 
counted, quadrats 81-90 (fig. 3, 11). 
The approximate place on each quadrat 
was determined by our records where 
the densities had been greatest during the 
10 year period, and the plants counted. 
The small dots indicate the over-all pat- 
tern of density in 1944 as in figure 2. 
Five circlets of stainless steel were con- 
structed about 6 inches in diameter and 
2 inches deep. Together, they enclosed 
an area of about one square foot. These 
were pressed into the soil at the ap- 
propriate place, about 2 inches apart, as 
shown in figure 11. Two samples were 
made in quadrats 81, 83 and 85, situated 
according to the scarcely perceptible 


drainage gradients, indicated by the ar- 
rows. Although each sample included 
only 1 square foot of surface, the spacing 
of the circlets, we supposed, would 
actually sample the mean position where 
greatest densities had been recorded. 
When the circlets had been pressed 
down even with the surface, three layers 
of soil were removed from each at ap- 
proximate depths of 1, 2 and 3cm. Each 
layer was later submitted to a screening 
process in soil screens of proper mesh, 
using water, in order to remove as much 
detritis as possible. The residues were 
dried and examined in detail under a 
dissecting microscope. The seeds were 
separated and packeted according to spe- 
cies. By far the greatest number were 
Linanthus, the total number recovered 
being nearly 20,000. The numbers of the 
latter are recorded on the right of the 
transect diagram (fig. 11). 90-95% were 
found in the top layer. The totals re- 
covered are shown in the fifth column. 
After the circlets had been pressed into 
position, the plants of 1958 which had 
grown in each were removed and _ the 
numbers of seeds they had contained were 
estimated by examining the empty cap- 
sules. These estimates are shown in the 
fourth column. An estimate was made 
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of the number of seeds deposited during each quadrat from 1944-57 at the points 
the 10 year period and is shown in the of greater density (second column) by 


third column. It was obtained by multi- 30, our estimate of the mean number of 
plying the number of plants recorded in _ seeds to be expected per plant. 


SEED VIABILITY IN THREE VISUALLY-SCORED CLASSES 
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Fic. 12. Percent'of viable seeds in each of three classes (A, B and C) and the frequencies 
of these classes in the whole sample. 
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When the soil samples had _ been 
thoroughly searched, some of them re- 
peatedly, the seeds were classified ac- 
cording to appearance in order to get an 
estimate of their relative ages. Newly 
matured seeds are plump, slightly three 
angled, with a narrow membranous flange 
along each angle, and of a certain color. 
Those recovered from the soil had a 
considerable range of appearance. Some 
were not very different from fresh seeds, 
most were obviously weathered, being 
darker and less fresh in appearance and 
the walls were more or less sunken into 
longitudinal sulci. We found it pos- 
sible to separate them into three ap- 
proximate classes. Having done this, 
samples of 100 of each class from each 
quadrat were tested for viability, using 
triphenyl tetrazolium chloride under uni- 
form conditions. We are obliged to 
Professor T. A. Geissman for counsel in 
this procedure. 

The results of these tests are given in 
figure 12. The circles indicate the per- 
centage of each class in all the samples; 
the curves indicate the percentages of 
each class tested in 11 samples. Re- 
calling the subjectiveness of our classifi- 
cation, it seems that roughly 80% of 
Class A, which constitutes perhaps 20% 
of the seed population are viable, about 
60% of Class B, which constitutes about 
25% of the population are viable. Taken 
together, the data suggest that perhaps 
70% ot the seeds recovered were still 
viable, but not equally so in view of their 
different ages. The addition of seeds to 
the reservoir each year, particularly in 
years of great abundance, would tend to 
maintain the equilibrium of viable seeds, 
so that many years of unfavorable con- 
ditions would need elapse before the 
reservoir was depleted. This period 
would be at least 10 years, in view of 
the data from the elimination plots and 
may be much longer. 

The percentages shown in the fourth 
column of figure 11 indicate the propor- 
tion of seeds contributed to the number 
recovered. The estimate iS probably 
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lower than the norm, because the popula- 
tion was sparse in 1958. The percentages 
shown in the fifth column give the 
proportions recovered to those expected 
from the numbers of plants observed. 
We might estimate the mean at 30-40%. 
Our estimate of 30 seeds per average 
plant may be too high, particularly if large 
numbers of plants are not pollinated in 
some places, or perhaps generally in 
some years when the population of the 
pollinator is not commensurate with that 
of Linanthus. It may therefore be that 
a greater proportion of plants are pol- 
linated in years when relatively few plants 
flower, than in years when they are 
abundant. Nevertheless, should we de- 
crease our factor of 30 to 15, the propor- 
tion of seeds recovered (60-80% ) would 
still fall considerably short of the number 
expected. 

With the onset of hot weather in May 
and June, Linanthus matures and_be- 
comes dry and rigid. Most plants re- 
main erect im situ, but may sometimes 
be broken off and lodged against a 
nearby bush. The upright calyx lobes 
surround the capsule, and the withered 
corolla often adheres to it. Some cap- 
sules open widely and thus drop their 
seeds simultaneously. Most open only 
toward the apex. The seeds are partly 
retained for at least several weeks and 
we have found capsules containing a few 
seeds as late as the autumn rains. When 
the seeds drop, they fall onto a baked 
consolidated soil surface and doubtless 
sift into its minute but scarcely perceptible 
interstices. 

What happens to these seeds there- 
after? Some may be eaten by small 
animals in the soil, but we have found 
no evidence of this, although empty seed 
coats are present in the soil. Most are 
probably eaten by surface animals. Har- 
vester ants are common and are in fact 
almost the only insect seen during the 
summer months when the seeds are being 
deposited. They appear to be primarily 
concerned with the ubiquitous Erodium. 
We have examined the margins of their 
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hills and have found no Linanthus plants 
around them. Whether they would gather 
the minute seeds of Linanthus is doubtful. 

Wind would appear to be the most 
effective agent of dispersal. During sum- 
mer, desert devils of several yards 
circumference, reaching several hundred 
feet into the air, are frequent. Their force 
is sufficient to carry leaves and light 
detritis with them and it would be sur- 
prising if they. did not also carry Linan- 
thus seeds either from the capsules or 
from the ground. The distances they 
travel before they dissipate are generally 
as long as the transect or longer. Yet, 
their paths are usually from west to east, 
just as the sustained breeze of the flower- 
ing months, parallel with the transect, 
but more erratic in direction. It is 
possible that the occasional patches of 
blue plants found in the white area to 
the east can be accounted for on this 
ground. But it would appear that this 
method of dispersal is of negligible im- 
portance over the long period. 

Gales frequently occur during the 
driest season in autumn before rain has 
fallen. Their effect on dispersal is also 
doubtful. For example, we visited our 
experimental area in 1958 during a gale 
that was carrying clouds of dust from the 
cultivated areas north of the grid shown 
in figure 1 several thousand feet above 
the mountains to the south. Its gusts 
would whip the Larrea branches almost 
to the ground. But at the surface all 
was quiet. Linanthus plants still bear- 
ing seeds were abundant enough but were 
scarcely being shaken by the wind. The 
chief movement of air was indicated by 
a desultory shifting about of the fuzzy 
Larrea seeds until they would lodge 
against a stick a few inches away, only 
to move to another after another gust. 
The presence of peripheral colonies such 
as that at Acton or near Lake Arrowhead 
(fig. 1) might be attributed to such 
gales. But, they might also be relictual 
from former distributions, as is sug- 
gested by the presence of an all blue area 
between Shandon and Edna, San Louis 


Obispo County. Should wind of any 
kind be a controlling factor in the dis- 
persal of these seeds, one cannot account 
for the persistent differences of frequency 
from quadrat to quadrat, unless one 
postulates very local selection over the 
long term. 

There is still another possible means 
of seed transport, that is, by sheet washing 
during the heavy sustained rains of 
winter. The gradient of the outwash 
from south to north (fig. 1) is gentle and 
is often scarcely perceptible. Precipita- 
tion may form a thin sheet or film of 
flowing water sufficient to move soil 
particles with it and presumably the 
minute seeds of Linanthus, according to 
the lay of the land. This may result in 
local transport and may account in part 
for the “pools” of density near some 
bushes and the dispersion in more open 
quadrats. It may also tend to bury seeds. 

The replicated samples shown in figure 
11 were made along slight surface 
gradients to test this possibility. The 
most that can be said is that, if seed 
transport is accomplished in this way, 
movement is slight and important only 
as the result of unusual conditions. 


SUMMARY CONCLUSIONS 


Linanthus parryae is a_ diminutive 
annual of the Mojave Desert. Its abun- 
dance in a given year results from com- 
ponents of the weather that cannot be 
specified. In some years it may be so 
abundant as to form an almost continuous 
carpet of color between the bushes in the 
area described, giving the species the 
common name of Desert Snow. In some 
years it may be completely absent, and 
may remain so locally for at least ten 
years. The dispersion of individuals 
varies accordingly. When abundant they 
may have a density of 100 or more per 
square foot in some places. Within any 
year their dispersion is not uniform but 
follows a very local pattern of greater 
or less concentration. This pattern has 
persisted during the period of study. 

The flowers are either white or blue. 
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Each plant is essentially self-incom- 
patible. Most plants are white, as the 
common name suggests, and in many 
crosses white behaves as a simple reces- 
sive, with blue dominant. In some in- 
stances, however, blue individuals have 
appeared in the progenies of white crossed 
with white in frequencies that suggest 
the possibility that two complementary 
loci determine the expression of blue. 
These seem not to have been due to 
contamination. Until this problem is 
solved we are not able to estimate the 
frequencies of blue or white alleles in 
mixed or white areas. 

The frequencies of the blue and white 
phenotypes have remained remarkably 
stable within distances of a few feet dur- 
ing 15 years of systematic observation, 
despite remarkable expansions and con- 
tractions of the species population. The 
data suggest, first, that if genetic drift 
has played a role, it has been of only 
local consequence and not persistent in 
its effects. They suggest, conversely, an 
intense -local selection because the blues 
are concentrated in certain areas and 
because persisting clines of blue and 
white frequencies have been found. But 
if selection is the determining factor, it 
cannot operate at a high intensity and 
certainly not during each growing season. 
This is clearly indicated by the fact that 
transplanted seeds of one color can ger- 
minate, develop normally, and presumably 
set viable seeds in the area of the other. 
The pattern must be the product, there- 
fore, of selection operating at relatively 
low intensity or intermittently, augmented 
by the factors that limit dispersion. 

The factors of gene dispersal, either 
by pollen or by seeds, have been exam- 
ined. Both indicate a remarkable local- 
ization. It would appear that both pollen 
and seeds are dispersed very locally on 
the average. This localization is further 
augmented by seed storage in the soil 
inasmuch as some seeds, and perhaps 
many, remain viable in the soil for at 
least ten years and perhaps longer. Be- 
cause of this habit, Linanthus parryae, 
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although an annual, simulates the mating 
systems of many long-lived perennials. 

Germination is differential among 
stored seeds, apparently in response to 
weather. This may arise from any com- 
bination of three causes. Some genotypes 
may respond to one concommitance of 
the factors of weather and some to an- 
other with respect to the very local 
environment of the species. Or it may 
be that some genotypes require a certain 
threshold of maturation in the soil before 
they germinate. It may also rest on an 
extremely fine division of habitats, such 
as a position under the margin of a bush, 
with its consequences of modifying rain- 
fall and insolation, in contrast to a posi- 
tion two feet away in one of the shal- 
low drainage channels described, or on a 
“plateau” between bushes that may have 
no more than an inch of elevation com- 
pared to a nearby channel. 

Whatever the factors may be that re- 
sult in seed storage and differential ger- 
mination, the consequence is to produce 
an effective breeding group in each locale 
that is much greater than would be 
suspected from the impressions gained 
by observation of the expanding and 
contracting populations. Its size would 
differ from place to place and from year 
to year, together with the abundance and 
activities of the pollinators and_ the 
vagaries of weather. Our data suggest 
that the total population is sufficiently 
larger than the annual increment, on the 
average, that local deviations quickly 
subside to the norm, like a flattened wave. 

The conclusion seems warranted, there- 
fore, that the frequencies of blue and 
white flowered plants are in the long run 
the product of selection operating at an 
intensity we have been unable to measure ; 
and that the large size of the effective 
population, and the localized dispersion 
of pollen and seeds, has precluded sig- 
nificant changes in pattern during 15 
seasons. 

Dimorphism within populations is often 
explainable on the basis of a selective 
advantage of heterozygotes. In the pres- 
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ent instance, the occurrence of areas of 
phenotypic uniformity and adjacent mixed 
areas suggests that the pattern may be 
maintained by selection resulting in 
homozygosity in the uniform areas and 
that the mixed areas between may be a 
consequence of hybridization rather than 
an adaptive property of heterozygotes. 
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1. INTRODUCTION 


Several instances are known in differ- 
ent Drosophila species in which the sex- 
ratio sharply deviates from the usual 
1:1 relation. Such a species is said to 
carry a “‘sex-ratio”’ condition. In some 
of these cases, the very unequal propor- 
tion of males and females is caused by 
the action of chromosomal genes. In 
others, however, this ‘‘sex-ratio”’ condi- 
tion is transmitted solely through the 
female parent (Magni, 1952, Cavalcanti 
and Falcao, 1954, Malogolowkin and 
Poulson, 1957, Malogolowkin, Poulson 
and Wright, 1959) and remains constant 


through a large number of backcrosses to 


males of other strains (Magni, 1954). 
In the latter case, the inheritance is re- 
garded as cytoplasmic. 

The cytoplasmic condition seems to be 
due to the presence in the ova of ‘‘sex- 
ratio” females of self-reproducing cyto- 
plasmic particles which may be trans- 
mitted to normal females by injection 
of the contents of abnormal embryos 
(Malogolowkin and Poulson, 1957, 1958). 
The effect of this cytoplasmic condition 
is that the males derived from “‘sex- 
ratio’’ mothers die, mostly in the em- 
bryonic stage, leaving only few if any 
survivors, so that e.g. only about 0.5 per 
cent of the adults produced by D. d- 


fasciata ‘‘sex-ratio” females are males. 


These males are fertile and do not trans- 
mit the “‘sex-ratio”” character (Magni, 
1952). 

The cytoplasmic ‘‘sex-ratio” condition 
may occasionally be lost, by inactivation 
or loss of the cytoplasmic particles. 
Magni (1952, 1953, 1954) could inacti- 
vate the “‘sex-ratio”’ condition in D. bi- 

1 Prepared in connection with research spon- 
sored by the Office of Naval Research. 


fasciata by temperature shocks at a 
sensitive period. Females derived from 
such temperature-treated mothers may 
have offspring with a normal (1:1) sex- 
ratio or a highly abnormal sex-ratio 
(99.5:0.5), or intermediate sex-ratios, 
and continue to give this result in suc- 
ceeding generations. Occasionally, fe- 
male offspring from a_ heat-treated 
female will give rise to normal offspring 
only (Magni, 1953). Heat treatment 
does not produce, however, a similar 
effect in D. willistont (Malogolowkin, 
1958). Furthermore, nuclear genes have 
been described (Cavalcanti, Falcao and 
Castro, 1957, 1958, Malogolowkin and 
Poulson, 1958, Malogolowkin, 1958) 
which inhibit the multiplication of the 
cytoplasmic particles, so that ‘‘sex-ratio”’ 
females containing these genes give 
normal sex-ratios and their daughters 
also give normal sex-ratios. ‘‘Sex-ratio”’ 
cytoplasm may, then, ‘‘mutate’’ to the 
normal state under the influence of genes 
and of environmental conditions. 

All “‘sex-ratio” strains have been es- 
tablished from females caught in the 
wild. In many cases (Magni, 1952, 
Malogolowkin, 1958) a small number of 
individuals show this condition, but 
occasionally, a high proportion of the 
females in a local population may be 
affected (25%, Cavalcanti and Falcao, 
1954). Magni (1958) has_ presented 
evidence from experiments using popula- 
tion cages that “‘sex-ratio’’ cytoplasm 
may have a selective advantage over 
normal cytoplasm in females. 

The present paper attempts to in- 
vestigate the conditions which control 
the persistence and frequency of a ‘‘sex- 
ratio” cytoplasm and of interacting 
genes in a population, particularly the 
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effect of selective advantage. In Section 
2, the case of variable selective values in 
the absence of interacting genes is con- 
sidered. In Section 3, the effect of in- 
teracting genes under constant selective 
values is studied. 


2. StmMPLE MODEL 


In the model to be formulated in this 
section, no account is taken of genes 
which support or inhibit the multiplica- 
tion of cytoplasmic particles. The 
problem of genic interaction will be dealt 
with in Section 3. It is first necessary, 
as a prerequisite for further study, to 
formulate the simpler model. This will 
make possible a detailed study of the 
consequences of the selective advantage 
of ‘‘sex-ratio’’ cytoplasm over normal 
cytoplasm, noted by Magni (1958). 

It will be assumed that all mating is 
random and that the cytoplasm of the 
offspring is identical with that of the 
maternal parent with the exception that 
a fraction of the eggs laid by ‘‘sex-ratio”’ 
females is normal i.e. the same as eggs 
laid by normal females. This is the 
same as saying that the cytoplasmic 
particles in a female have only a chance 
1 — t of being passed on to her offspring. 
Since males pass on no cytoplasm, they 
need not be considered so we may de- 
scribe the mating population by 


a = fraction of females who carry normal 
cytoplasm, 

8 = fraction of females who carry ‘“‘sex- 
ratio cytoplasm, 


where a+ 8=1. If their egglaying 
capabilities are equal, then the ratio of 
normal to ‘‘sex-ratio”’ eggs is as a + Bt 
to B(1 — t). One half of the normal eggs 
will vield viable males and one half the 
“sex-ratio”’ eggs will vield inviable males, 
the remainders being viable females. If 
a fertilized female ‘‘sex-ratio” egg has S 
times more chance of becoming a parent 
in the next generation than a fertilized 
female normal egg, where S is a number 
greater than unity and possibly a func- 
tion of 6, then the relative proportions of 


p 


(2a) (1) 7 (2b) 


Fic. 1. The relation of “‘sex-ratio’’ cytoplasm 
proportions in successive generations. Curve 
(1): 8’ = 8. Curve (2a) is the graph of (2.2) 
for t = 0, S = 2. Curve (2b) is the graph of 
(2.2) fort = 0, S = 0.5. 


normal and ‘‘sex-ratio’” females in the 
next generation’s mating population are, 
respectively, 


a + pt 

+ Bt + SB(1 — t)’ 
Sa(1 — 

3’ = B(1 — t) 


a + Bt + SA(1 — t) 


Recalling that a = 1—8 and that 
S = S(8), the behavior of the system can 


be studied graphically. Equilibrium 
means that 
(2.1) B’ = B. 
However 
S 1 — t) 
(2.2) (8)3( 


~ 1+ — t)[S(@) — 1] 


Hence if these two relations are plotted 
as curves of 8’ against 6, equilibrium cor- 
responds to the intersection of these 
curves. And what is more important, 
the nature of the equilibrium may easily 
be deduced from these curves. In figure 
1, curve (1) is the diagonal of the square 
while curve (2) is drawn for two cases, 
t=0, S>1 (2a) and t=0, S <1. 
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(1) 
(2) 


! 
! 
A B 


0 


Fic. 2. The relation of “sex-ratio’’ propor- 
tions in successive generations. Curve (2) 
represents a case where S(8) and t are such that 
both stable (O and B) and unstable (A) equi- 
librium states exist. 


(2b) It is clear that, in Case (a), what- 
ever the initial value of 8, ..8 9 sav, the 
successive use of (2.2) to find new values 
o81 «Be etc. of B is equivalent to the 
construction indicated in figure 1 and 
that 8 tends to unity as the number of 
generations increases. 

The fact that 6 = 1 leaves no males 
in the population means only that it is 
not possible for S to remain constant 
under these conditions. In Case (b), 8 
tends to zero. Both these results are 
intuitively clear. 

The curve of (2) always passes through 
the origin, as it must since 8 = 0 is 
always a_ possible equilibrium state. 
From figure 1, we see that in Case (b) 
the origin is a stable state whereas for 
Case (a) it is unstable. By various 
choices of the parameter t and the func- 
tion S(8), the curve (2) can take a wide 
variety of shapes. 

The geometrical construction ex- 
plained in figure 1 rapidly shows whether 
the equilibria are stable or not. For 
example in figure 2, the equilibrium A is 
unstable whereas equilibrium B is stable. 
For in this case if the system is started 
with a Bo in the interval (O, A), 8 de- 
creases steadily to zero; if it is started 


with a 8» in (A, B), 8 steadily increases 
to B; if it is started with Bo in (B, 1), 
8 decreases steadily to B. 

This raises the question of whether the 
value of 8 can converge to an equi- 
librium value in an oscillatory rather 
than a monotonic fashion. In figure 3, 
the curve (2) is seen to produce this 
behavior. <A little more experimental 
curve sketching will give a case where 
the oscillation may never die down. I[n 
both cases, it is necessary that the slope 
of curve (2), at the point where it cuts 
curve (1), be negative. 

Thus, depending on the nature of the 
function S(8) and the value t, the system 
may show a wide variety of phenomena. 
It is now necessary to determine what 
functions S(8) and values t lead to these 
phenomena. Given a sequence of suc- 
cessive values of 8 from an experiment 
Bo, 81, B2, etc., points of the appropriate 
curve (2) may be plotted—they have 
coordinates (80, 81), (61, ete. If 
these points are joined by a smooth 
curve, it should give an approximation 
to the real curve (2) for the range of 8 
covered. Furthermore the relation (2.2) 


may be solved for S(8) to find 


_ — B(1 — 


/ 


(1) 


(2) 


B 

Fic. 3. The relation of ‘‘sex-ratio’’ propor- 
tions in successive generations. Curve represents 
a case where S(8) and t are such that there is an 
oscillating convergence to the equilibrium state. 
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Fic. 4. The dependence of the selection 
factor on the proportion of the ‘‘sex-ratio”’ cyto- 
plasm. Curves (i) and (ii) show how S must vary 
with 8 so that curve (2) of figure 2 is produced 
when t is respectively 0 and 0.1. 


If t is known—for example, from the 
study of the number of males in the off- 
spring of ‘‘sex-ratio’’ females—the (ap- 
proximate) graph of S(8) against 8 may 
be constructed from the (approximate) 
curve (2). For it is then possible to 
compute the right-hand-side of (2.3) for 
various points (8, 8’) on curve (2). It 
was in this way that figures 4 and 5 were 
constructed from, respectively, figures 
2 and 3. 

A study of these figures suggests that, 
if S(8) is a constant, oscillations about a 
stable equilibrium state cannot occur. 
This is easily verified since, if S is 
constant, 

dé [1+e(1-—t)(S—1)F 
Since we have seen that, for oscillations 
about an equilibrium point, it is neces- 
sary for dg’/dé to be negative, it is clear 
that such oscillations cannot occur when 
S(8) is constant. A comparison of 
figures 4 and 5 indicates that S must 
decrease, from a sufficiently large value, 
quite rapidly for oscillations to occur. 
A precise analytical condition for the 
possibility of oscillations could be derived 
but hardly seems necessary. Hence, in 
particular, the oscillations reported by 


Magni (1958) imply that in his case 
S(8) was not constant. 

If S is constant, the solution of (2.1), 
(2.2) is either 8 = 0 or 


S(i1—t)-1 
(2.4) B= 
i.e. 
2.4 : 
(2.4) 


It is clear that (2.4) will represent the 
equilibrium provided 


S(1 — t) > 1, 


i.e. provided the product of the selective 
advantage of abnormals and the chance 
of passing on the cytoplasmic particles is 
greater than unity. 

Finally it is hoped that the graphical 
method of discussion, which is generally 
applicable to all problems where a recur- 
rence relation like (2.2) is involved, may 
prove useful in other contexts. 


3. GENE-CYTOPLASM INTERACTION 


In this section we wish to examine the 
population consequences of introducing 
a gene-cytoplasm interaction into the 


3- 


i 


0-5 


Fic. 5. The dependence of the selection factor 
on the proportion of the “‘sex-ratio” cytoplasm. 
Curves (i) and (ii) show how S must vary with 8 
so that curve (2) of figure 3 is produced when t 
is respectively 0 and 0.1. 
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TABLE 1. Relative proportions of ova formed by females from a population containing normal and 
“‘sex-ratio”’ cytoplasms and alleles SR and sr. (Meaning of symbols explained in text) 


Cytoplasm Normal “Sex-ratio”’ 
Gene SR sr SR sr 
Relative Proportions pa + tr8 qa + ts@ r8(1 — t) sB(1 — t) 


model, based on the work of Magni 
(1958) of Section 2. It will be supposed 
that a fraction a of the female population 
carries normal cytoplasm and that a 
fraction 8 = 1 —a carries ‘“‘sex-ratio”’ 
cytoplasm. Further we will postulate a 
recessive autosomal gene sr in whose 
presence, in homozygous condition, “‘sex- 
ratio’ cytoplasm reverts to normal cyto- 
plasm (Cavalcanti et al., 1958). If, as 
has been suggested by Malogolowkin 
and Poulson (1957), and Malogolowkin, 
Poulson and Wright, (1959), ‘‘sex-ratio”’ 
cytoplasm carries infective particles, 
then the SR gene is necessary for their 
continued multiplication. Let the fre- 
quency of SR and the frequency of its 
allele sr in normal cytoplasm be _ re- 
spectively p and q; let the frequencies of 
the same genes in “‘sex-ratio’’ cytoplasm 
be r and s. The assumption of equal 
gene frequencies in males and females 
with normal cytoplasm is not a restric- 
tion since, in our model, it is easy to 
prove that inequalities are removed in 
one generation. Further suppose as 
before that only a fraction 1 — t of eggs 
laid by females with “‘sex-ratio’”’ cyto- 
plasm carry the “‘sex-ratio’’ condition, 
the remainder t being normal i.e. there 
is a chance t that no infective particles 
will be passed into the eggs from an 
infected mother. Finally it will be sup- 
posed as in Section 2 that a fertilized 
female ‘‘sex-ratio’”’ egg has S times more 


chance of becoming a parent in the next 
generation than a_ fertilized female 
normal egg, where S is a number greater 
than unity. 

If mating is random, it is easy to set up 
equations relating the genic and cyto- 
plasms proportions in the successive 
generations. The population described 
above produces eggs according to table 1, 
and the sperm are SR and sr in propor- 
tions pandq. Recalling that if a zygote 
receives two sr genes and a “‘sex-ratio”’ 
cytoplasm, it becomes normal cyto- 
plasmically, being homozygous for sr, the 
relative proportions of adult females in 
the next generation are 


normal SR SR = p(pa + tr), 
normal SR sr = p(qa + ts) 
+ q(pa + tr8), 
normal, sr sr = q(qa + tr) 
+ qs8(1 — t), 
SR SR = Spr8(1 — t), 
“‘sex-ratio,”” SR sr = S[ps8(1 — t) 
+ qrB(1 — t)]. 
These proportions add to unity if 
divided by their sum 
a+ tB+S(1 — t)B(p + qr) 
+ qsB(1 — t). 


Hence, if a’, p’, r’ denote the values of 
a, p, r in the next mating generation, 


a + t8 + — t) | 


(3.1) a+ t8+S(1 — t)B(p + qr) + — t)’ 
2pa + pts + trp 

(3.2) P tB+ — t)]’ 

(3.3) fa 


2(p + qr) 
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We note immediately that if p = r = 1 
i.e. there are no sr genes, equation (3.1) 
reduces to 


a+ tB 
tB+S(1— tp 


as found in the previous section where 
we studied the effect of allowing S to 
vary with the value of 6. The main 
result there was that a rapid decrease in 
S could cause a damped or perpetual 
oscillation. Here it does not seem pos- 
sible to discuss a variable selective ad- 
vantage, except by computing equations 
(3.1), (3.2), (3.3) repeatedly. (It should 
be mentioned here that a gene-cytoplasm 
interaction of the kind discussed here, 
combined with a variable selective value, 
would represent a model of the behavior 
of the well-known kappa particles in 
Paramaecium (Sonneborn, 1947).) This 
is an easy task for a modern computer 
such as an |.B.M. 650. 

For the case of S constant, the equi- 
librium values of a, p and r may be con- 
sidered mathematically. In the case of 
no sr genes Le. p = r = 1 initially, the 
previous section showed that the equi- 
librium value of a@ is either unity when 
S(1 — t) <1, or 


t 1 
i-tS-l 


when S(1 — t) > 1. 

To find the general formula from 
equations (3.1), (3.2), (3.3), we note 
first that, if we write 


(A =t+qs(1 — t), 
\B = §(1 — t)(p+ qr), 
equation (1) may be written 


a+ BA 
+ B(A + 


(3.4) 


Thus a’ > aif 
a+ BA > a + aB(A + B), 
i.e. if 


A 2>a(A+B-—1). 
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Hence a chases the current value of 


A 


A+B-1 


and, if this tends to a limiting value be- 
tween zero and unity after many genera- 
tions, it is the (stable) equilibrium value 
of a. The ratio (3.5) will be a proper 
fraction if B>1. The equilibrium 
equation a’ = a has as its solutions unity 
and the ratio (3.5) so that when this 
ratio is not in (0, 1), a will tend to unity. 
The limiting values of A and B depend 
on the limiting values of p and r. When 
the limiting value of a is not unity, the 
equilibrium equation p’ = p becomes 


(3.6) 2plt + qs(1 —t)] = t(pt+r). 


The equilibrium equation r’=r _ is 
always 


(3.7) 2r(p + qr) =prt+r. 


Thus equations (3.6) and (3.7) are 
simultaneous equations for p and r. 
From equation (3.7) it follows that 


r(2r — 1) 
1 — 2r(1 — r)’ 


(3.8) p= 


It will be seen that p = 0 if r = 3 and 
p=1if r= 1. Substituting the rela- 
tions (3.8) into (3.6), we find that r must 
either be unity or satisfy 


(3.9) 2tr? — 2r + 1 = 0. 


When t may be assumed to be small, 
(3.9) gives 


(3.10) 
It is clear from (3.3) that always 
r > 1/2, whatever the value of t. 


Finally, the use of (3.9) in the formula 
(3.8) for p reduces it to 


rt 
p 


(3.11) 
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To elucidate the limiting behavior of 
this genetic system, given the initial 
conditions and the values of t and S, we 
proceed as follows. Find r from (3.9) 
(or (3.10)) and p from (3.11). With 
these values compute A and B from (3.4) 
and the limiting ratio (3.5) for a. We 
find that these limits are 


1 S 
(3.12) A=7, B= 


2 
It is of interest to note that, from (3.4), 
A is the chance that an egg from an in- 
fected mother is normal. The writer is 
unable to see any direct argument for 
why this chance should tend to 1/2. 


Using (3.12), (3.5) becomes 


1 


(3.13) 


which is a proper fraction if S > 2. 
Thus if S > 2 andr < 1, the “‘sex-ratio”’ 
cytoplasm is not eliminated and only the 
fraction (3.13) of females have the 
normal cytoplasm. 

If the alternative solution r = 1 is 


appropriate, p = 1, and 


(3.14) A=t, B=S(1—-t) 

so that the ratio (3.5) becomes 
t 1 


as in (2.4’). 

Since the above analysis turns on the 
use of (3.6) which requires for its validity 
that @ be less than unity, the procedure 
is now clear for the caseS > 2. It is the 
following: 


if 0 <t<1/2, r is solution of 
(3.9) unless initially r= 1 
when the alternative solution 
r = 1 is relevant, 

f1/2<t<1,r = 1, 

if r <1, p defined by (3.11), a 
defined by (3.15), 

ifr = 1, p = 1 from (3.7) anda 
is defined by the smaller of 
(3.15) and unity. 


(3.16) 4 


The case that remains is S < 2 and p 
and r not initially unity. Here a will 


TABLE 2. Values of the proportions of normal cytoplasm (a), of the frequency of the gene SR in normal 
cytoplasm (p), and of the frequency of the gene SR in ‘‘sex-ratio’”’ cytoplasm (r), for different 
rates of spontaneous loss of cytoplasmic “‘sex-ratio’’ particles (t) and different selective 
values for “‘sex-ratio’’ cytoplasm (S) after 100 generations of random breeding. 

Initial values ao = 0.1, Bo = 0.9, po = 0.5, ro = 0.5 


S 0.5 1 1.5 2 2.1 25 
t=0 

g 1 1 1 97854 90824 6666 

p .1026 .0500 .0150 0003) .00001Y 0 

r .5473 .5239 5074 5002) 50000) 50000 
t = 0.05 

a 1 1 1 97644 .666 

p .1597 .1062 .0567 0279) .0271 

r .5713 .5489 .5290 5736] .5732 
t = 0.10 

a 1 1 

p .1692 . 1060 .0606 

r .5726 .5487 5288 
t = 0.15 

a 1 1 

p .2164 .1615 


| 
| 
a 
q 5943 5721 
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TABLE 3. Values of the proportions of normal cytoplasm (a), of the frequency of the gene SR in normal 
cytoplasm (p), and of the frequency of the gene SR in ‘‘sex-ratio’’ cytoplasm (r), for different 
rates of spontaneous loss of cytoplasmic ‘‘sex-ratio”’ particles (t) and different selective 
values for ‘‘sex-ratio’’ cytoplasm (S) after 100 generations of random breeding. 
Initial values ay = 9.5, Bo = 0.5, po = 0.5, ro = O.5 


s 0.5 1 1.5 2 21 21 
t=0 
a 1 1 1 .9077F .6666 
p .3630 .2500 .0505 .0006] .00003f 0 
r .6076 .5241 5005) 50001) .5000 
t = 0.05 
a 1 1 1 .9740F .6666 
p 3791 .2971 .1012 0283) .0270 
r .6584 .6262 .5467 5138) .5132 
= 0.10 
a 1 1 .97034 
p .3358 .1614 0612) 
r .6414 .5720 5290] 
t = 0.15 
a 1 1 
p .2298 
r .6536 .6996 


tend to unity and the final values of p  mulae for p or r so that some examples 
and r depend on the initial conditions, were followed numerically for 100 gen- 
although they are related still through erations in an I.B.M. 650. For most of 
(3.7). It was not possible to find for- the examples the convergence is very 


TABLE 4. Values of the proportions of normal cytoplasm (a), of the frequency of the gene SR in normal 
cytoplasm (p), and the frequency of the gene SR in ‘‘sex-ratio’”’ cytoplasm (r), for different 
rates of spontaneous loss of cytoplasmic ‘‘sex-ratio’’ particles (t) and different selective 
values for ‘‘sex-ratio’’ cytoplasm (S) after 100 generations of random breeding. 
Initial values ay = 0.9, B® = 0.1, po = 0.5, ro = 0.5 


Ss 0.5 1 45 2 2.4 2.5 
t=0 

a 1 1 97534 .90744 .6666 

p .4810 4500 .0684 .000664 .00003) .1069 

r 6993 .6867 .5322 5003) 50002) .50000 
t = 0.05 

a 1 l 1 .666 

p 4827 4627 0284) .0271 

r .7000 6918 .5570 5739] .5732 
t = 0.10 

a 1 96824 

p 4711 614) 

r .6952 .5860 5291) 
t = 0.15 

a 1 0.99954 

p A711 


r .6209 
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rapid. But those proportions followed 
by 7 (or |) were still increasing (de- 
creasing) at 100 generations. An ex- 
amination of the tables for S 2 2 verifies 
the mathematical predictions made in 
(3.16) and in (3.7). Since, when S — 0, 
the ‘‘sex-ratio” flies disappear, p must 
tend to 0.5, its initial value in tables 2, 3, 
4 and this tendency is plainly seen. It 
is clearer when a= 0.9 than when 
a= 0.1 because the ‘‘sex-ratio’’ flies 
being less numerous, are more quickly 
eliminated when a= 0.9 than when 
a = 0.1. When a = 1, the value of r is 
biologically without interest as it refers 
to the gene-frequency in a population 
at the point of extinction of the ‘‘sex- 
ratio” flies. For given S and initial con- 
ditions, an increase in t increases p. An 
increase in t means that there is more 
chance that the “‘sex-ratio”’ factor will be 
lost in transmission. This should mean 
that a would tend to unity faster and, 
since p is that value of p obtaining when 
a reaches unity, that p is nearer to its 
initial value i.e. larger—as it is in tables 
2, 3, 4. But the tabulated results (not 
given here) for S < 2 and the results for 
S = 2 in tables 2, 3, 4 show that the 
convergence is actually slower for larger 
t. The true explanation is that when the 
normal and “‘sex-ratio’”’ populations are 
first put together p drops because of the 
influx of ‘“‘sex-ratio’’ individuals who 
have become normal because of the 
segregating of sr-sr homozygotes and the 
effect is seen to be greater when 8 = 0.9 
than where 8 = 0.1 as would be ex- 
pected. An increase in t causes an added 
influx of individuals who should have 
been “‘sex-ratio’”’ but are now normal and 
they carry SR as well as sr genes. As 
time goes by the frequency of sr in “‘sex- 
ratio’ individuals must go down so that 
the normals gain mainly Sr by this flow. 
Hence the rate of convergence a to unity 
decreases and the frequency p increases 
with increase in t. 


4. CONCLUSIONS 


In a randomly mating population of 
Drosophila of the normal and “‘Sex-ratio”’ 


cytoplasmic types, it is shown that endo- 
geneous oscillations in the fraction of 
normal animals may occur if the selective 
advantage of the abnormal cytoplasm 
decreases sharply as the fraction of fe- 
males carrying it increases. A method is 
given for determining the stability or 
instability of any equilibria defined by 
equations (2.1), (2.2). The abnormals 
will be eliminated unless the product of 
the selective advantage of abnormals and 
the chance of passage of cytoplasmic 
particles is greater than unity. 

When a gene is necessary for the con- 
tinued multiplication of the cytoplasmic 
particles present in the abnormals, we 
have only studied in detail the case of 
constant selective pressure. Here the 
forces against the persistence of ‘“‘sex- 
ratio” cytoplasm are again the possibility 
of no transmission of particles (measured 
by the probability t) but also now the 
possibility of no multiplication (meas- 
ured by the fraction of sr alleles, s). 
The only possible force for the mainten- 
ance of ‘‘sex-ratio’’ cytoplasm is again 
its selective advantage. So we would 
expect that the gene-cytoplasm inter- 
action would decrease the ultimate pro- 
portion of ‘‘sex-ratio’’ cytoplasm present 
and therefore increase the ultimate value 
of a the fraction of normal cytoplasm. 
This is in fact what happens. When the 
sr allele is initially absent we have seen 
above that S must be greater than 
1/(1 — t) to prevent the extinction of 
the abnormal cytoplasm and that when 
this condition is met the fraction of ab- 
normal cytoplasm has the limiting value 


S(1 —t) 1 
(1—t)(S — 1) 


(4.1) 


When only sr is present, the abnormal 
cytoplasm is eliminated in one genera- 
tion, whatever the values of S and t. 
When both sr and SR are present ini- 
tially, there are several cases to consider. 
Firstly if S > 2, and t < 1.2, the limit- 
ing fraction 6 of abnormals is 


(4.2) 


7 
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It is easily shown that the fraction (4.2) 
is less than the fraction (4.1) as would 
be predicted. Secondly if S > 2 and 
t > 1/2, the forces of selection and non- 
transmission are so strong that the pres- 
ence of sr genes is not felt and the limit- 
ing value of 8 is zero if S(1 — t) < land 
(4.1) when S(1 — t) > 1. WhenS < 2, 
any non-zero initial proportion of sr is 
sufficient to eliminate the abnormal 
cytoplasm, regardless of the value of t. 

In the case when S is greater than 2 
and t less than 1/2, the sr alleles tend to 
accumulate in the normal cytoplasm 
while, in the abnormal cytoplasm, the 
distribution of alleles will be nearer 
equality. In all other cases when the 
abnormal cytoplasm is not eliminated 
the whole population will ultimately con- 
tain no sr alleles; the forces have here 
acted so as to eliminate the sr allele and 
not the abnormal cytoplasm. 

When the abnormal cytoplasm is 
eliminated, the ultimate gene-frequencies 
will depend on their initial levels and no 
formulae are available. The computa- 
tions however give some idea of the 
movements to be expected. 
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SUMMARY 


In several Drosophila species there are 
many more females than males. In some 
cases, this may be explained by assuming 
the existence of self-reproducing cyto- 
plasmic particles, whose presence in the 
cytoplasm of a male is lethal. It appears 
that these particles are not always 
transmitted from mother to offspring and 
that their multiplication requires the 
presence of a gene. Furthermore females 
carrving these particles may enjoy a 
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selective advantage. In the present 
paper, a mathematical study is made to 
determine the ultimate structure of such 
populations after many rounds of ran- 
dom mating. The main results are for- 
mulae for the proportions of individuals 
with normal and abnormal cytoplasms, 
and the frequency of the gene concerned, 
at equilibrium. 
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NOTES AND COMMENTS 


MUTANT GENES AND LINKAGE RELATIONSHIPS IN 
DROSOPHILA PAULISTORUM 


CHANA MALOGOLOWKIN 2 AND LEE EHRMAN 


Department of Zoology, Columbia University, New York 


Drosophila paulistorum, a member of the 
willistont species group the subgenus 
Sophophora, was described in 1943 by Dob- 
zhansky and Pavan (Burla et al., 1949). This 
species became particularly interesting since 
Dobzhansky and Spassky (1959) found that it 
is an aggregate of several subspecies or in- 
cipient species. This finding has raised nu- 
merous problems concerning the origin and 
the development of reproductive isolating 
mechanisms between incipient species. Genetic 
analysis of these isolating mechanisms cannot 
be carried out without having the chromo- 
somes of at least some of the subspecies marked 
by at least one mutant marker gene each. 
It was for this purpose that we undertook 
to obtain and to locate in the chromosomes as 
many mutant genes as could be found in the 
species. Three subspecies were employed—the 
Centro-American, the Amazonian, and _ the 
Andean-South Brazilian. For information con- 
cerning the geographic distribution and the 
properties of these subspecies, see Dobzhansky 
and Spassky, 1959. 


MATERIAL AND METHOD 


Three strains have been employed to obtain 
mutants in the three subspecies of D. paulis- 
torum. These strains were derived from wild 
populations collected, respectively, at Lancetilla, 
Honduras (the Centro-American subspecies), 
at Belem, Para, Brazil (the Amazonian sub- 
species), and at Angra dos Reis, state of 
Rio de Janeiro, Brazil (the Andean-South 
Brazilian subspecies ). 

The experiments were begun by exposing 
young males of a given strain to about 5,000 
r-units of X-rays, crossing them to untreated 
females of the same strain, and examining the 
F, and F:. generation progenies for mutants. 
It was found that with this high dose of the 
radiation a majority of the flies became sterile, 
and the mutants found in the progenies of the 


1 This note is being published as background 
material to the article by Lee Ehrman, else- 
where in this issue. 

2 Permanent address: Faculdade Nacional de 
Filosofia, Universidade do Brazil, Rio de 
Janeiro. The work reported here was carried 
out during the tenure of a fellowship of the 
Rockefeller Foundation. 
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few fertile ones were too often associated with 
gross chromosomal aberrations, particularly 
with reciprocal translocations, which made the 
mutants useless for our purposes. The X-ray 
dosage was accordingly reduced to 3,000 r, 
and kept at that level in all subsequent ex- 
perimental treatments. The treated males were 
outcrossed to untreated virgin females, using 
four pairs per culture. The F; flies were 
examined for autosomal and sex-linked domi- 
nant mutations. Small mass cultures of Fs and 
F; generations were then made to find sex- 
linked and autosomal recessive mutants. Oc- 
casionally an F, progeny was also examined. 
Some apparently spontaneously arising mutants 
were also found during the experiments, but 
these were naturally few in number. All the 
experimental cultures were kept at room 
temperature. 


SEX-LINKED MUTANTS 
Centro-American group: 


Texture (Tx)—inan X-rayed culture. Lethal 
in males, in heterozygous females producing a 
severe roughening of the eyes. 

vemless (vl)—in an X-rayed culture. Re- 
cessive. All wing veins absent. Very poor 
viability in males. 

yellow (y)—in an X-rayed culture. Al- 
though the wild type body color of the species 
is brownish-yellow, this mutant is easily dis- 
tinguishable because of its very bright yellow 
body. Yellow males are sterile. 


Amazonian group: 


Notch (N)—in an X-rayed culture. Domi- 
nant, lethal in males. Wing veins thickened, 
producing small deltas at the margins. The 
notching is most pronounced at the ends of 
the third and fourth wing veins. 

white (w)—spontaneous. Recessive. Eyes, 
testes and Malpighian tubules not pigmented. 
This is the best available sex-linked mutant 
in D. paulistorum since both males and females 
are fertile and viable. 


Andean-South Brazilian group: 


No sex-linked mutants were obtained either 
spontaneously or in X-rayed cultures despite 
repeated attempts to find them. 
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Fic. 1. Linkage maps of the second chromosomes of the Centro-American (left), the Amazonian 
(center), and the Andean-South Brazilian (right) groups of Drosophila paulistorum. 


The authors must admit a striking lack of 
success with the X-chromosomes of the three 
subspecies; they proved unusually refractory 
to X-rays as a mutagen, although various 
dosages were tested. Notch, yellow, veinless, 
and Texture could not be judged “good” sex- 
linked mutants because of their effects on the 
males. Only the white-eyed mutation in the 
Amazonian group remains; it is an excellent 
analogue of white in D. melanogaster. 


MUTANTS OF THE SECOND LINKAGE GROUP 


Centro-American group: 


Short (Sh)—in an X-rayed culture. Domi- 
nant, lethal when homozygous. The fifth vein 


does not reach the wing margin. Often, this 
vein extends no further than the posterior 


crossvein. (There is a probably non-homolo- 
gous, but identically named mutant in D. 
pseudoobscura. ) 

Spot (Sp)—in an X-rayed culture. Domi- 


nant and quite constant in expression. Ex- 
cellent viability in both sexes. This is a 
wholly new mutation, apparently without 


known parallels in other Drosophila species. 
The dorsal surface of the thorax is darkened 
and pinched laterally. This causes the wings 
to be tilted upward and easily broken. In some 


cultures Spot is found to be viable when 
homozygous. 
Star (S)—in an X-rayed culture. Domi- 
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nant, lethal when homozygous. Eyes roughened 
because of irregularly arranged facets. 


Amazonian group: 


Curly (Cy)—in an X-rayed culture. Domi- 
nant, lethal when homozygous. Wings curved 
upward. The degree of curvature is very 
variable, especially when the stock is out- 
crossed to different wild strains. This muta- 
tion seems free of crossing-over suppression 
in this species. 

Plum (Pm)—in an X-rayed culture. Domi- 
nant, lethal when homozygous. In young flies 
the eyes are mottled, but the color becomes 


uniformly dark as the flies age. Plum is a 
powerful crossing-over suppressor. 
0 | Minute, M n 
| 
n+2 
12.5 | Extra veins, Ev 
| 
41.9 Crossed crossvein, Cev 
50 ebony, e 
and Plum, Pm 
Fic. 2. 
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Reduced wings (Rdw)—in an X-rayed cul- 
ture. Dominant, lethal when homozygous. 
The wings are about three-fourths of normal 
size, and are always held slightly spread out- 
ward from the body. 

Spread (Spr)—in an 
Dominant, lethal when homozygous. Very 
poor viability because the extreme lateral 
spread of the wings causes the flies to become 


X-rayed culture. 


mired easily, especially in moist media. The 
fertility of the males is weak. 
Star (S)—in an X-rayed culture. Domi- 


nant, lethal when homozygous. Homologue of 
Star in the Centro-American and the Andean- 
South Brazilian groups. 


Delta, D1 n Delta, Dl 


glass, gl 


n+ 34.4 brownish, bh 


Linkage maps of the third chromosomes of the Centro-American (left), the Amazonian 


(center), and the Andean-South Brazilian (right) groups of Drosophila paulistorum. 
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Andean-South Brazilian group: 


Bubbled (Bu)—in an X-rayed culture. 
Dominant, lethal when homozygous. Wings 
severely blistered and inflated, veins thickened, 
and eyes roughened. 

Short (Sh)—in an X-rayed culture. Dominant 
lethal when homozygous. Homologue of Short 
in the Centro-American group. | 

Star (S)—in an X-rayed culture. Dominant, 
lethal when homozygous. This is the only 
mutation which was induced in all three 
subspecies. 


MUTANTS OF THE THIRD LINKAGE GROUP 
Centro-American group: 


ebony (e)—spontaneous. Recessive. Grayish- 
black body color, but not nearly as dark as 
ebony in D. melanogaster. 

Extra veims (Ev)—in an X-rayed culture. 
Dominant, lethal when homozygous. Hetero- 
zygous flies have extra veins located between 
the longitudinal veins. Viability is poor, 
especially in males. 

Minute (M)—spontaneous. Dominant, lethal 
when homozygous. Bristles reduced in size, 
especially the scutellar bristles. The develop- 
mental period is lengthened by about two days. 
Unlike many Minutes, the viability and fertility 
are good. This is fortunate since this is the 
only mutation affecting bristles acquired during 
this work. 

Crossed crossvein (Ccv)—in an X-rayed 
culture. Dominant, lethal when homozygous. 
An extra section of wing vein is attached to 
the posterior crossvein so that it looks like a 
plus sign—‘‘+.” Eyes are slightly roughened. 
Very poor viability in both sexes. 


Amazonian group: 


Delta (DI, A4)—in an X-rayed culture. Domi- 
nant, lethal when homozygous. This mutation 
occurred frequently in X-rayed cultures of 
strains belonging to the Amazonian group. 
Wing veins thickened at the margins and 
crossveins. Eyes very rough. 

glass (gl)—spontaneous. Recessive. Eyes 
reduced in size and very smooth. Eye color 
blotchy in both sexes, with patches of red and 
patches of creamy-white. Developmental period 
lengthened and viability reduced. 


Andean-South Brazilian group: 


brownish (bh)—spontaneous. Recessive. Un- 
like brown in D. melanogaster in that the eye 
color does not darken to garnet as the flies age, 
the testes are pigmented, and the linkage 
groups differ. 

Delta (DI, 4)—in an X-rayed culture. Domi- 
nant, lethal when homozygous. This mutation 
occurred frequently in X-rayed cultures of 
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strains belonging to the Andean-South Brazilian 
group as well as in strains of the Amazonian 
group. However, no Delta was ever observed 
in the Centro-American group. 

orange (or)—spontaneous. Recessive. Some- 
what lighter orange eyes in very young flies. 
By the time the flies are two days old the 
color is indistinguishable from the wild type of 
D. paulistorum. Thus, the value of this mutant 
as a marker is doubtful. 


DIscUSSION OF THE LINKAGE Maps 


The chromosomal complement of Drosophila 
paulistorum consists of a pair of metacentric 
sex chromosomes (the X- and Y-chromosomes 
are indistinguishable at metaphase), a pair of 
metacentric second, and a pair of acrocentric 
third chromosomes. Microchromosomes are ab- 
sent in this species. The three linkage groups 
found among the mutants therefore correspond 
to the three pairs of chromosomes. 

The linkage maps of the second and third 
chromosomes in each of the three subspecies 
are presented in figures 1 and 2. Since the 
purpose of this work was to obtain genetic 
markers for the analysis of reproductive isolat- 
ing mechanisms between the subspecies, muta- 
tions which impaired the fertility or viability 
of either sex were clearly not convenient for 
such experiments (see Ehrman, in this issue). 
With this object in mind, the authors did not 
calculate the map distance for a number of 
mutations which seriously impaired the capac- 
ities of the males which carried them. These 
stocks were eventually discarded. In the first 
linkage group, Texture, veinless, yellow, and 
Notch had to be eliminated, and, among the 
autosomal mutants, Spread (II) and orange 
(III) were, unfortunately, of no value. 

The authors are aware that the chromosome 
maps presented here are, in no way, detailed 
enough to satisfy an interest in the chromo- 
somes per se. This represents, nonetheless, the 
first attempt to bring this species under 
genetic control since it was described some 
sixteen years ago. Because Drosophila paulis- 
torum is now known to represent, at our time 
level, a number of forms in a state of transi- 
tion between race and full species, its response 
to a mutagenic agens was a necessary pre- 
requisite for further genetic analysis. 


ADDENDUM 


Since this article was submitted for publica- 
tion, a new mutation arose spontaneously in 
the Belem, Para, Brazil stock (Amazonian 
subspecies). It was the sex-linked recessive, 
vermilion, and was subsequently found to be 
located 35 crossover units from white in the 
same subspecies. The new mutants are viable 
and fertile, and “vz” seems to be an excellent 
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analogue of vermilion in D. melanogaster, 
(located 31.5 units from white). 


SUMMARY 


The Centro-American, Amazonian, and 
Andean-South Brazilian subspecies of Droso- 
phila paulistorum have three groups of linked 
genes corresponding to the haploid number of 
chromosomes in the species. With a relatively 
low (3,000 r-units) dosage of X-rays as the 
mutagen, chromosome maps could be drawn 
for each of the two autosomes. The scarcity 
of sex-linked marker genes precluded the 
possibility of the compilation of a map for the 
first linkage group. 
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EVOLUTIONARY FUNDAMENTALS OF PLANT BREEDING? 


ASKELL LOVE 


Institut Botanique de l'Université de Montreal 
Montreal 36, Canada 


Much of our knowledge of evolution origi- 
nates from observations and investigation made 
by plant breeders working with cultivated 
plants, and it was no coincidence that Charles 
Darwin substantiated his theory of evolution 
by aid of such works. Plant breeding, which 
is among the oldest of botanical studies, has 
lately become somewhat overshadowed by the 
theoretical approaches it initiated, and at 
present many regard it more as a kind of 
applied cytogenetics than as an approach in 
its own right. But there is no doubt that plant 
breeding still is and always will be the most 
effective method of improving and increasing 
our food production, at the same time as it 
adds constantly to our knowledge of the proc- 
esses of evolution. 

Biosystematists and others working on the 
theoretical aspect of evolutionary processes 
tend to forget that recent contributions toward 
the understanding of these processes do not 
always originate from their own experiments, 


1 Kappert, H., and W. Rudorf (Editors, in 
cooperation with H. K. Hayes and A. Muntz- 
ing). 1958. Handbuch der Pflanzenziichtung. 
Vol. 1. Grundlagen der Pflanzenztchtung. 
848 pp. Paul Parey, Berlin and Hamburg. 


but are apt to result from studies involving 
the practical application of evolutionary prin- 
ciples to cultivated plants. Biosystematists, 
for instance, have not contributed much to the 
studies of mutation and selection in the past, 
although they realize that these processes 
are fundamental to evolution, whereas plant 
breeders are constantly adding to just this 
subject. Also, though utilization of many of 
the methods of plant breeders might greatly 
increase the output from some theoretical ex- 
periments on evolution, this is realized by rather 
few biosystematists with the deplorable result 
that the growth of their science is somewhat 
hampered by the lack of proper methods. It is 
likely that this is in part caused by the fact 
that very few biosystematists have ever had 
the opportunity to become acquainted with 
plant breeding and its methods. 

Every year thousands of pages are printed 
about different phases of plant. breeding in 
journals published in many languages. No 
single plant breeder can follow all this in- 
formation, and it is still less likely that even 
a fraction of it will ever become directly 
available to the biosystematists. Therefore, 
reviews and manuals published within reason- 
able intervals are of immense value to those 
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who must become acquainted with the recent 
results and new theories of this old and ever- 
growing approach. 

A recent volume, the first in a series of six 
making up the second though in fact entirely 
new edition of the Handbuch der Pflanzen- 
siichtung, reviews the fundamentals of plant 
breeding in such a way as to make them easily 
available not only to the plant breeder but in 
an equally high degree to the evolutionist 
interested in experimenting on the basis of 
these fundamentals. 

Though the papers by all fifteen contributors 
are of value for biosystematists and evolution- 
ists alike, some are so to a greater degree than 
are others. Thus, the introductory chapter 
by Professor Kappert on natural variation 
will hardly be more than a short repetition 
for those who are familiar with Stebbins’ 
(1950) classical book on Variation and Evolu- 
tion in Plants, and some of the other topics 
are also necessarily repetitions as compared 
with easily available books. Still other chapters 
are, however, highly recommendable as _ read- 
ing for evolutionists and are likely to increase 
or widen their knowledge of methods available 
for application to their special problems. 

It is difficult to say which chapter is most 
interesting, since all are well composed. A 
more concise and concentrated account of 
propagation methods than the one given here 
by Gustafsson and Nygren on only 32 pages, 
however, can hardly be made. The authors not 
only review very thoroughly the terminology 
and differentiation of amphimictic and apo- 
mictic phenomena, but also give elucidative 
information on pollination mechanisms, flower 
form variations, sexual dimorphism, self ste- 
rility factors, and even sex determination 
mechanisms, and also a thorough review of 
the embryological background of gametophyte 
and embryo development. All this would 
certainly fill more pages if other authors had 
written the account, but Gustafsson and Nygren 
are also able to add a concentrated review of 
their speciality, apomixis and vegetative re- 
production, and still have five pages left for 
a discussion of the differences in frequency 
of polyploids and their causes. The present 
writer joins issue with them on this matter, 
since it was demonstrated in 1949 that there 
is no statistical background for the hypothesis 
by Gustafsson on the connection between life- 
form and polyploidy, but this only increases 
the usefulness of the chapter as stimulation 
for further discussion, and all opinions and 
results cannot be crammed into such a limited 
space. 

Another chapter of great interest to evolu- 
tionists is that by Straub on chromosomes, 
chromosome sets, and polyploidy. He shows 
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the connection between chromosomal variations 
and variations in genetical factors, and also 
indicates how changes in the chromosomes 
may affect the population structure and the 
essential mechanisms of isolation. Even Straub 
discusses polyploidy and its effects on the 
physiology of the plant, and shows its im- 
portance for survival and dispersal to new 
habitats. 

Plasmatic inheritance has been studied most 
intensely by Michaelis, and he reviews its 
significance and the methods of study. It is 
evident that many dissimilar processes may 
be included under this collective term, but 
although much has already been done towards 
an understanding of these phenomena, the 
review indicates that this field of study still 
is wide open for inquisitive minds combining 
genetical and physiological approaches. 

Population genetics is a subject that has 
contributed much to our present understanding 
of natural variation and selection, and its 
achievements are reviewed in a 49-page chapter 
by Brieger. Since this chapter demonstrates 
many of the methods and statistical approaches 
of plant breeders, it is likely to be very useful 
to those biosystematists who want to study 
the effects of mutation and selection on evolu- 
tion, and also to those who want to learn about 
the effects of gene complexes affecting sub- 
specific segregation. But although much seems 
to be known from this field already, there is 
apparently room for new studies, and even the 
theoretical and mathematical background for 
some of the discussions by Brieger may not al- 
ways be as firmly established as it seems at 
first glance. Population genetics is a fasci- 
nating and evolutionarily important subject, the 
closer studies of which will greatly enhance the 
understanding of evolution at and below the 
species level. It is to be expected, for instance, 
that such studies on self pollinators may solve 
many of the riddles of classical taxonomy, al- 
though for these purposes new and more ad- 
vanced statistical methods may well need to be 
invented. 

The chapters on natural selection and selec- 
tion breeding, by Roemer and Rudorf, cross 
breeding by Rudorf, specific and generic hy- 
brids by Oehler, mutations and mutation breed- 
ing by Gustafsson and v. Wettstein, and poly- 
ploidy breeding by Miintzing, are all of im- 
mense interest to those studying evolution. 
These authors review in a very clear manner 
all the basic principles of selection and indi- 
cate how these can be used as a basis for much 
needed theoretical investigations on natural se- 
lection. Plant breeders know much about how 
artificial selection affects changes in a popula- 
tion, and they also have formulas to show how 
fast or slowly selection may change a certain 
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population in a certain direction. It is very 
likely the perusal of these chapters may prove 
an invaluable basis for those who want to study 
the action of natural selection on natural popu- 
lations. These chapters plus the last one on 
biometrics are probably of greater interest to 
biosystematists than are all the others together, 
because so few experiments have as yet been 


made on natural selection in action under dif- 
ferent environmental conditions. 

All in all it appears clear that plant breed- 
ing can furnish biosystematists with methods 
and ideas of great value. It is through the 
reciprocal influence of the two related disci- 
plines that they may be expected to evolve most 
effectively. 


DARWIN, AND AFTER DARWIN ? 


H. G. BAKER 


University of California, Berkeley 


The Darwin-Wallace centennial in 1958 and 
the celebrations in 1959 commemorating the 
publication of the Origin of Species have been 
marked by numerous assemblies for the verbal 
presentation of reviews of the past century and 
have occasioned the production of thousands of 
pages of printed matter. The problem for the 
consumer is to distinguish the genuinely in- 
spired offerings from those which are merely 
opportunistic. The rather diverse collection of 
six essays which Dr. P. R. Bell has edited ? 
is somewhat uneven in quality but, in my 
opinion comes into the first category. The un- 
evenness seems to bear some relation to the 
ages of the contributors, for the occasion seems 
to have demanded and obtained more from the 
younger men. At any rate, their chapters con- 
tain more which has not been said before. 

The first essay is by the editor, Dr. Bell, and 
is based on Darwin’s last book, The Power of 
Movement in Plants. If little attention is paid 
here to this chapter, it is not because of any 
lack of quality in the writing or in the extent 
of the literature coverage (189 titles are quoted) 
but because its main concern is with phototro- 
pism rather than with evolution. 

In the second chapter, Dr. J. Challinor ad- 
dresses himself to the bothersome inadequacy 
of the paleontological record at the time of the 
publication of the Origin, and then attempts to 
assay its present value. His conclusion is that, 
one hundred years later, “paleontology confirms 
the theory of evolution, but it does so, as it 
were, rather grudgingly. One might have 
hoped for something more thoroughly con- 
vincing.” However, have not our requirements 
also changed during the century? Despite the 


1 With apologies to George J. Romanes. 
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continual increase in the numbers of fossils 
which have been described, have we not de- 
manded that they be the historical record of 
greater amounts of evolution involving ever 
more subtle processes ? 

Challinor examines carefully the kinds of 
evolutionary evidence which may justifiably be 
sought in the paleontological record and then 
illustrates it with two kinds of survey amongst 
British fossil remains. First, using stratigraphy 
as the basis of arrangement, he examines the 
known contents of Cambrian and Cretaceous 
beds. Here the many groups, genera and 
species appear to be deposited with very little 
evidence of serial order. More promising for 
the documentation of at least micro-evolutionary 
continua is the second survey in which 
Challinor treats groups of fossils in biological 
order, endeavoring to discover evolutionary 
trends within them. Although he gives very 
few details, he is in the process of describing 
seemingly satisfactory series of this sort when 
the chapter suddenly comes to an end. 

Dr. J. B. S. Haldane follows with a commen- 
tary on natural selection. As might be expected 
he leans less heavily upon the literature than 
do his colleagues. Despite this he contrives, 
in a single chapter, to survey Darwinism and 
Neo-Darwinism, as well as evolution by allo- 
polyploidy, to provide a simple sketch of 
genetics and a mathematical treatment of 
phenotypic and genotypic selection, as well as 
to discuss evolutionary rates, the modification 
of instincts and the nature of genetic assimila- 
tion. Haldane’s general evolutionary con- 
clusions are those which are acceptable to a 
majority of contemporary evolutionists but it 
is particularly satisfying to have them sup- 
ported by a summary of Kettlewell’s excellent 
work on industrial melanism in British popula- 
tions of Biston betularia, the Peppered Moth. 
In addition, Haldane has written what may be 
the wisest summing-up of the case for 
Darwinism: “The history of science makes it 
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almost certain that facts will be discovered 
which will show that the theory of natural 
selection is not fully adequate to account for 
evolution. But the same history makes it 
extremely improbable that these facts will be 
in any way related to the criticisms at present 
made of it. The physics of Newton and Galileo 
have proved inadequate in several respects, and 
are being replaced by relativistic and quantum 
mechanics. These, however, are even further 
from the medieval physical theories than were 
the theories of Galileo and Newton.” 

The chapter by Dr. P. Marler on develop- 
ments in the study of animal communication 
takes its theme from The Expression of the 
Emotions in Man and Animals and, in my 
opinion, is the most original and inspiring in 
the book. As Marler points out, Darwin’s own 
work appears, for once, to have had very little 
effect upon his immediate successors and it is 
only relatively recently that the direct study of 
communications between animals in natural or 
semi-natural environments has been resumed 
on a significant scale. Thus, Marler, in ad- 
dition to surveying the existing literature, is 
able to give us an extremely lucid account of his 
own studies of visual and auditory communi- 
cation between animals, particularly birds. The 
selective values of different kinds of communi- 
cation-signal are made abundantly clear; their 
origins may be an independent matter from 
their perfection through natural selection, but 
at all times they are directly related to com- 
munity environment factors. This chapter is 
particularly well provided with clear plates and 
line drawings; elsewhere in the book the plates 
are not always successful in illustrating textual 
material. 

Dr. H. L. K. Whitehouse provides the second 
botanical chapter, this time devoted to a subject 
which lies directly in the mainstream of evolu- 
tionary study. Under the heading “Cross and 
Self-Fertilization in Plants” he gives an ex- 
cellent historical account of the study of 
heterosis and the outbreeding mechanisms by 
which it is continuously produced in many 
vascular plants. The nature and evolution of 
incompatibility systems receive special at- 
tention, particularly appropriately in view of 
Darwin's discovery of their existence in hetero- 
morphic taxa and his pioneer survey of their 
occurrence in other groups. 

A point which Whitehouse might have 
stressed more is that Darwin did not appreci- 
ate what is probably the greatest contribution 
of cross-fertilization to evolutionary success, 
the repeated production of new combinations of 
characters upon which natural selection can 
act, so that the chances of the ultimate produc- 
tion of more closely adapted types are greatly 
increased. For Darwin it was simply a matter 
of vigor and the maintenance of fertility. 
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The final chapter is an attempt by Dr. J. S. 
Wilkie to assess the originality of Darwin’s 
evolutionary work (a favorite occupation of 
centennial celebrants), chiefly by considering it 
in relation to the contributions of Buffon and 
Lamarck. Wilkie recognizes the importance 
of Buffon’s assiduous collection of data, par- 
ticularly that concerned with the geographical 
distribution of animals, showing how this made 
possible the later evolutionary pronouncements 
by Lamarck. Nevertheless, Buffon was unable 
to formulate a causal theory of evolution 
satisfactory to himself and Wilkie considers 
that this kept him from firm adherence to the 
evolutionary idea in general. 

It is in his interpretation of Lamarck’s pub- 
lished views, however, that Wilkie delivers his 
strongest blow at traditional, text-book history. 
Lamarck’s name is so consistently associated 
with the doctrine of the inheritance of 
acquired characters (published by him in 1801) 
that he is usually assumed to have looked upon 
it as the fundamental mechanism producing the 
progressive evolution which he discussed in his 
later works. Wilkie’s analysis of the evidence, 
however, demonstrates convincingly that it was 
otherwise. For Lamarck the Deist, the grand 
march of evolution from simple to complex 
was the expression of a divinely inspired (but 
quite comprehensible) inherent tendency 
towards perfection (and greater resemblance to 
man). The production of “off-beat” types 
through the inheritance of acquired characters, 
including the products of use and disuse, served 
merely to complicate this picture. Darwin, 
incidentally, was aware of this duality in 
Lamarck’s evolutionary concept, as he makes 
clear in the Historical Sketch which he added 
to the Origin. 

Consequently, when the Origin was to be 
published, Darwin found himself in an intel- 
lectual environment where he was forced to 
concentrate first upon the presentation of a 
reasonable causal theory before setting out the 
general evidence for evolution. To be con- 
vincing to skeptical Victorian naturalists it was 
necessary, as Wilkie writes, to “exorcise the 
spectre of Deism” by stressing the lack of any 
empirically verifiable directional tendency in 
the process of natural selection. So it was, in 
the book, that the discussions of geological 
succession, geographical distribution and the 
mutual affinities of living beings, although they 
intruded early into Darwin’s experience, were 
treated only in the concluding chapters. 

In fact, Darwin himself could have been 
quoted in this context for, in the introduction 
to the Origin, he wrote “In considering the 
origin of species it is quite conceivable that a 
naturalist . . . might come to the conclusion 
that species had not been independently created, 
but had descended, like varieties, from other 
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species. Nevertheless, such a conclusion, even 
if well-founded, would be unsatisfactory, until 
it could be shown how the innumerable species 
inhabiting this world have been modified... .” 
The italics are mine. 

It will be clear from this review that the 
several contributors to Dr. Bell’s book have 
covered a great deal of ground in the 343 pages 
available to them. Perhaps they have covered 
too much. Nevertheless, the result is a volume 
which should be extremely useful as a source 
book to biologists who are not primarily evolu- 
tionists. For the specialist in evolutionary 


studies there may be only a minor amount of 
data which is not already available somewhere 
in the literature, but even the specialist must 
value the book for the extremely convenient 
manner in which the information is assembled 
and commented upon. For the same reason, 
the book should have a strong appeal to ad- 
vanced biology students in the universities, and 
at least two of the chapters might be required 
reading for them. However, because it is a 
compilation of such value, it is a tragedy that 
the publishers have seen fit to issue it without 
an index. 


ON THE POSSIBLY POLYPHYLETIC ORIGIN OF REPTILES 


PETER PAUL VAUGHN 


Department of Zoology, University of California at Los Angeles 


F. R. Parrington (1958) has recently called 
attention to the striking similarity of the 
hyomandibular bone of crossopterygian fishes 
to the stapes of pelycosaurian reptiles. These 
homologous elements are basically alike in 
shape, size, position and attachments. Although 
advanced captorhinomorph cotylosaurs, such as 
Captorhinus, had a somewhat different kind of 
stapes, thinner” and horizontal, the stapes of 
some of the more primitive captorhinomorphs 
apparently resembled that of the pelycosaurs 
(see figures of occipital regions of captorhino- 
morphs published by Watson, 1954). Partly 
on the basis of this resemblance of the stapes 
in these reptiles to the crossopterygian hyo- 
mandibular, and also on the basis of the quite 
different arrangement in labyrinthodont am- 
phibians, where the stapes was relatively thin 
and was directed upwards towards the otic 
notch, Parrington has suggested that all of the 
reptiles were derived from a stock other than 
that of the labyrinthodont amphibians. This 
seems to him to be simpler than to believe that 
the distal end of the stapes migrated upwards 
towards the otic notch in the transition, 
crossopterygian fish to labyrinthodont am- 
phibian, only to migrate downwards again in 
the transition, labyrinthodont to reptile. An- 
other basis for Parrington’s suggestion is his 
assumption that the place of the intertemporal 
bone of crossopterygian fishes was taken, in all 
early reptiles, by a lappet of the parietal bone. 

Parrington’s suggestion is refreshing. Quite 
possibly, the captorhinomorph cotylosaurs may 
have descended from other than a labyrintho- 
dont stock. Such a descent, however, is not 
so easy to postulate for the diadectomorph 
cotylosaurs. For one thing, there are 
similarities between Seymouria and Diadectes 


that imply community of origin (Olson, 1947; 
Watson, 1954), and, whether Seymouria is 
regarded as an amphibian or as a reptile, it is 
certainly closely related to the labyrinthodont 
amphibians. Further, although the evidence 
is indirect, the stapedial apparatus in Diadectes 
must have been much like that in living rep- 
tiles (Watson, 1954, p. 391) and could not 
have been much different from that in the 
labyrinthodont amphibians. Even more signifi- 
cant, at least one diadectomorph reptile, the 
procolophonid Nycteroleter from the Russian 
Permian, had a_ basically labyrinthodont-like 
otic notch and occiput, and its relative, 
Nyctiphruretus, had a labyrinthodont-like oc- 
ciput (Efremov, 1940). Watson (1951, p. 132) 
has already commented that it seems impossible 
that the occipital patterns seen in these pro- 
colophonids could have been secondarily derived 
from an occiput of the kind seen in captorhino- 
morph cotylosaurs. To this list of arguments 
may be added the possibility that an inter- 
temporal bone did exist in Diadectes. Although 
Watson (1954) denies that there was such a 
bone in this genus, Olson has described an 
intertemporal bone in Dtadectes (1947) and 
has discussed: the variations of this bone in its 
outline and in its fusion with neighboring ele- 
ments (1950); and G. E. Lewis and P. P. 
Vaughn are currently studying an immature 
diadectid, from the Cutler formation of 
Colorado, that shows evidence of the presence 
of an intertemporal bone. 

Although they disagree on the relationships 
of the more advanced groups of reptiles, both 
Olson (1947) and Watson (1954) see basically 
different origins for the captorhinomorph 
cotylosaurs as opposed to the diadectomorphs. 
Is it possible that, even though the ancestry of 
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the captorhinomorph cotylosaurs may not have 
passed through a (typical) labyrinthodont 
amphibian stage, the ancestry of the diadecto- 
morph cotylosaurs did? This suggestion in- 
volves a diphyletic origin of reptiles, and it 
presents several problems. The obvious 
problem is the lack of a record of suitable non- 
labyrinthodont amphibian ancestors for the 
captorhinomorphs. Parrington has constructed 
hypothetical “prototetrapod” and “protoamniote” 
ancestral stages for reptiles in general. Per- 
haps the ancestors of the captorhinomorphs 
were close relatives of the labyrinthodont am- 
phibians in which the typical otic notch had 
not been developed; such an ancestry would 
account for the labyrinthodont-like occiput of 
the primitive captorhinomorph Limnoscelis (see 
Romer, 1946). Another problem is the seeming 
difficulty of polyphyletic attainment of the 
amniote stage. Perhaps this stage was reached 
earlier in tetrapod evolution than the attain- 
ment of the osteologically reptilian stage, but 
it may also be that the amnion was more easily 
duplicated than we have thought: Tavolga 
(1949) has described an amnion-like structure 
in the head region of an embryonic teleost fish. 
Also to be accounted for are the postcranial 
similarities of the diadectomorph and _ cap- 
torhinomorph cotylosaurs, but such similarities 
could be expected to have arisen during an 
early period of adaptation to a terrestrial en- 


vironment by animals with a _ presumably 
roughly similar heritage of  postcranial 
characters. 


The suggestion of a diphyletic origin of rep- 
tiles may be compared with the currently 
widely accepted view of the polyphyletic origin 
of mammals from the therapsid reptiles (see 
Kermack & Mussett, 1958; Olson, 1959; 
Simpson, 1959). In recent years, our phylo- 
genetic trees have been turned into bushes, and 
we see now that these bushes may have 
branched underground, with separate shoots 
breaking through the interface between 
structural grades. It is easy to accept the view 
of a polyphyletic origin of mammals, because 
there is a fairly good record of the transition 
from reptiles to mammals, but, where fossils 
are fewer, it is easier to construct simpler, 
monophyletic charts. What is needed is a 
much better record of the transition from 
amphibians to reptiles. Our record of Carbon- 
iferous reptiles is a scanty one, but we know 
that by late Pennsylvanian times there were 
already in existence: captorhinomorph cotylo- 


saurs (Gregory, 1950; Peabody, 1959), a 
diadectomorph cotylosaur (Case, 1908), the 
three suborders of pelycosaurs (Peabody, 


1957), and perhaps a diapsid reptile (Peabody, 
1952). This diversity of known forms sug- 
gests an even greater diversity of Carboniferous 
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reptiles yet to be discovered. Possibly the 
Carboniferous was to. reptiles what the 
Mesozoic was to mammals: a time of poly- 
phyletic origin and initial radiation, during 
which some of the finest achievements of the 
preceding structural grade had their heyday. 
Possibly, the origin was only diphyletic, result- 
ing in the Parareptilia and Eureptilia of Olson 
(1947) or in the Sauropsida and Theropsida 
of Goodrich and Watson (see Watson, 1954; 
Vaughn, 1955), or there may have been more 
lines of origin. 
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